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ABSTRACT

Two-dimensional (2D) materials have been intriguing physicists and material
scientists for more than two decades due to their unique physical properties that emerge
from phenomena such as charge confinement, heat flow in a 2D plane, etc. For example,
graphene exhibits room temperature quantum Hall effect, quantized optical transmittance,
non-local hot carrier transport, and Klein tunneling. Building on such fundamental
phenomena, my work focuses on biomolecular sensing, energy generation, and storage
using 2D materials such as graphene, graphene oxide, boron nitride, and 2D titanium
carbide.
Chapter 1 provides an introduction to 2D materials and their current status and their
applications. In Chapter 2, the effects of nitrogen dopants in graphene are investigated for
its possible applications as a selective permeable membrane. Specifically, I investigated
theoretically and confirmed experimentally the influence of nitrogen dopant
configuration (viz., graphitic, pyridinic, and pyrrolic) on selective gas permeability of
graphene. The N-dopants in non-graphitic configurations (pyridinic and pyrrolic) showed
selective permeability to O2 unlike graphitic N-dopants. These results implied that Ndoped graphene could potentially be used as an O2 selective permeable membrane in
devices such as Li-air batteries. In addition to the use of high surface area 2D materials in
energy storage as discussed in Chapter 2, I also demonstrated the use of 2D materials
(particularly, graphene and titanium carbide) for energy generation as described in
Chapter 3 using novel “triboelectric nanogenerators (TENGs)”. Notably, in Chapter 3 I

ii

provide blueprints for flexible and wearable TENGs that can be directly integrated with
textiles, automobiles, and ocean wave energy harvesters. Lastly, in Chapter 3 I
demonstrate new strategies for additive manufacturing of 2D material-based TENGs that
convert mechanical energy into electricity and wirelessly transmit it for storage in
batteries and capacitors. In Chapter 4, the use of novel 2D nanomaterials such as
graphene, graphene oxide, and boron nitride for bio-sensing applications is demonstrated.
In particular, the fundamental interactions of aromatic amino acids viz., tyrosine,
tryptophan, and phenylalanine with 2D materials were studied using a comprehensive
array

of

tools

including

Raman

spectroscopy,

cyclic

voltammetry,

and

photoluminescence spectroscopy.
In summary, my work epitomizes the unique electronic and optical properties of 2D
materials and their use in a variety of sensors and sustainable energy devices.
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CHAPTER ONE
INTRODUCTION TO 2D-MATERIALS
1.1 Graphene

It was originally proposed by Mermin and Wagner

[1]

that strictly two-dimensional (2D)

materials cannot exist freely in a three-dimensional (3D) world. However, in 2004 the
Manchester team of Geim and Novoselov successfully isolated a 2D form of carbon
called graphene.[2] Graphene is an allotrope of carbon with in-plane sp2 hybridized
carbon atoms arranged in a honeycomb lattice (Fig. 1.1.1). The “lead” in a lead pencil
consists of stacked layers of 2D graphene that are held together by van der Waals forces.
This discovery of graphene in conjunction with the observation of room-temperature
quantum Hall effect, Klein tunneling, quantized optical transmittance, and most
importantly record-high electron mobilities brought 2D materials into the limelight of
global research.[3,4] Indeed, graphene is often colloquially referred to as the “miracle
material” of this century.
In graphene, each carbon atom forms three σ-bonds (sp2 hybridization) with its
nearest neighbors resulting in a very high in-plane mechanical strength and thermal
conductivity. In fact, graphene exhibits an in-plane Young’s modulus of more than 1 TPa
[5]

and thermal conductivity ~2500-5000 W/m-K.[6]

The π-bonds in graphene, which are

oriented perpendicular to the honeycomb lattice, overlap with neighboring π-bonds to
form graphene’s electron cloud, which exhibits a very high carrier mobility (2.0 × 105
cm2·V−1·s−1) [7] that is critical for the realization of fast electronics.
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Figure 1.1.1: (a) A real-space unit cell of a single layer graphene (SLG) with unit vectors
a1 and a2 and inequivalent atoms A and B. The two-different triangular sub lattices
combine into a full hexagonal structure of graphene with the nearest neighbor distance ~
0.142 nm.
Graphene also exhibits very high surface area of ~2500 m2/g, which makes it ideally
suited for applications in energy storage devices such as Li-ion batteries, supercapacitors,
[8,9]

bio sensors for health and environmental monitoring,[10,11] gas sensors,[12,13] wearable

technologies,[14,15] polymer composites for high strength applications,[16] and water
purification.[17]
Following the discovery of graphene and its superior physical properties, many other 2D
materials such as graphene oxide, MoS2, BN, Ti3C2, etc., were isolated, which also
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exhibited

interesting

properties

such

as

non-linear

saturable

absorption,

photoluminescence , and high dielectric constant for applications in power electronics,
sensors, photothermal therapy, and drug delivery.[18–21] Drawing from such interesting
properties and applications of 2D materials, my work focuses on energy generation,
storage, and bio-molecular sensing based on graphene, graphene oxide, BN, and Ti3C2.
The following sections provide a brief overview of 2D materials syntheses,
characterizations, and the status of pertinent applications.

1.1.1 Synthesis techniques of graphene
Mechanical Exfoliation: The first technique which helped isolate graphene, reported by
Geim and Novoselov, is the so-called scotch tape method.[22] Basically, in their method,
a piece of scotch tape is used to mechanically exfoliate graphite to yield micron-sized
atom-thick flakes of graphene. As shown in Fig. 1.1.2, a piece of scotch tape is first stuck
on to the flat surface of a highly ordered pyrolytic graphite (HOPG), and then peeled
gently to obtain thin chunks of graphite stuck to the peeled tape. Next, the tape with
graphite chunks (from Fig. 1.1.2b) is repeatedly stuck and peeled off from a SiO2/Si
substrate (Fig. 1.1.2c) to further thin down the number of layers in the chunks of graphite
on the tape. Finally, the tape is stuck to a fresh SiO2/Si substrate and peeled to obtain a
single-, bi-, or few-layer graphene (Fig. 1.1.2d). The use of SiO2/Si substrates allows for
the easy identification of graphene under an optical microscope. The additional thickness
of graphene (present only on certain area of the SiO2/Si substrate, as shown in Fig.
1.1.2d) alters the path length of light reflected from SiO2/Si substrate causing destructive
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interference of some visible wavelengths (e.g., 450-500 nm in the case of 150 nm thick
SiO2/Si), which facilitates easy identification of graphene through optical contrast.
Although, mechanical exfoliation produces high quality graphene flakes with minimal
defects or contaminations, unfortunately, this technique is not amenable for large scale
synthesis of graphene which is a prerequisite for industrial applications.

Figure 1.1.2: (a) A step-by-step schematic of mechanical exfoliation of graphene using
scotch tape technique. Reproduced from Ref. [22]
Chemical vapor deposition (CVD): To overcome the limitations of above described
mechanical exfoliation method, a CVD method was developed by Ruoff and coworkers.[23] In 2009, Li et al. first reported the CVD growth of graphene on Cu foils, and
subsequently other demonstrated the same using Ni foils.[23–26] Since then, several
research groups have optimized the CVD growth conditions for large area (diameter
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~30”) graphene.[27] A typical CVD run entails the following steps: purging a quartz tube
reactor at high temperatures (~800-1000 oC) using a mixture of precursor gases (e.g., Ar,
H2) followed with CH4 gas which either decomposes and rearranges into a hexagonal
lattice (on substrates such as Cu with low C solubility), or dissolve and precipitate out
from a metallic lattice (e.g., Ni) to form graphene sheets under optimized growth
conditions. A schematic of graphene growth by CVD grown is shown in Fig 1.1.3.

Figure 1.1.3: A schematic which depicts the CVD growth of graphene at high
temperature and atmospheric pressure. A copper foil is loaded into the center of the
quartz tube reactor and then heated to 1000 oC under inert atmosphere (e.g., Ar) for
annealing. A mixture of Ar, H2, and CH4 is then passed into the reaction chamber
maintained at high temperature for growing graphene.
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Polycrystalline copper foil (~25 um thick, Alfa Aesar, 99.8% pure, 46365) usually
contains a thin film of native oxide coating on it. In order to remove the oxide coating,
the foil is initially dipped in dilute hydrochloric acid (HCl) followed with a thorough
rinsing step in DI water. Next, the foil is bath sonicated in acetone bath, and rinsed with
isopropanol prior to loading into the quartz tube reactor. Typical graphene growth
temperatures employed in CVD process range between 1000 –1050 oC. A carbon source
such as methane (CH4) is used as a precursor for carbon atoms. In order to prevent the
oxidation of copper foil at high temperatures, the quartz tube is initially flushed with Ar
gas containing 10% H2, which not only mitigates oxidation but also expand the crystal
domains within the Cu foil.[28] A smooth Cu surface is the key to grow high quality
graphene films. It is well known that microscopic scratches or impurities in the Cu foil
seed the growth of multilayered graphene islands. When CH4 gas molecules come in
contact with high temperature Cu surface, they dissociate into carbon and hydrogen
atoms. Because of the low solubility of carbon into Cu (<1 ppm at 1000 oC), the
individual carbon atoms rearrange themselves into dimers, trimers, which later combine
to form hexagons (see Fig 1.1.4) resulting in a continuous/semi-continuous graphene
film. Graphene growth on copper is a self-limiting process. Several reports exist on
growth of graphene at low pressure as well as atmospheric pressures.[29] In my research,
large area graphene films were synthesized at atmospheric pressures in the following
manner. Cu foils (Alfa Aesar, 0.025 mm, 99.8%, 46365) were briefly immersed in dilute
HCl for ~5 minutes. The foil was then rinsed with DI water. Following DI water
treatment, Cu foil was rinsed with acetone followed with rinsing in IPA. Then Ar gas was
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used to dry the Cu foil by evaporating IPA. This foil was loaded at the center of the
furnace and temperature was ramped to 1000 oC under flowing Ar (500 sccm) and H2 (10
sccm). The Cu foil was annealed at 1000 oC for 90 minutes. It is important to anneal the
Cu foil to reduce grain boundaries, which are known to promote the growth of
multilayered graphene.[30] After the annealing step, CH4 (0.5 sccm) was introduced into
the reaction chamber for 50-60 minutes. Finally, the flow of CH4 gas and the furnace
were turned off, and the furnace lid was propped opened and quartz tube moved out of
the hot zone to allow rapid cooling of the substrate to room temperature. The as-obtained
graphene films from my experiments are shown in Fig, 1.1.4.

Figure 1.1.4: (a) Graphene islands grown on a Cu foil (duration: 5 mins) via CVD
technique and later transferred to SiO2/Si. As the growth time is increased from 5 mins
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(a) to 15 mins (b) and 60 mins (c and d), the graphene islands merge together to form
continuous large area film. (d) Centimeter size single layer graphene film (growth time:
60 mins) transferred onto a SiO2/Si substrate.
My research work was primarily concerned with the use of CVD grown graphene on Cu
substrate for applications such gas sensing and protective film coatings to prevent
oxidation of Cu. Details about these applications can be found in Chapter 2. The Cu foil
has been the choice of many researchers for growing graphene owing to the fact that
carbon has very low solubility in copper (less than 0.008 at. % at 1084oC).[31]

1.1.2 Raman spectroscopy for characterizing defects in graphene

As discussed in Fig. (1.1.1), single layer graphene (SLG) has two atoms in the unit cell.
Accordingly, graphene has six phonon branches (three acoustic and three optical
branches) which are shown in Fig. 1.1.5. The in-plane and longitudinal optical phonons,
denoted as iTO and LO, are degenerate at the Γ point in the Brillouin zone and are Raman
active. But, the electronic structure of graphene leads to certain electron-phonon induced
resonance conditions (e.g., double-resonance) that result in the appearance of non-zone
center phonons from K-point in the Raman spectrum of graphene.[32–35]
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Figure 1.1.5: The phonon dispersion relations for a freestanding single layer graphene.
Reproduced from Ref.[36]

The most studied Raman features of crystalline graphene are the graphitic or G (~1584
cm−1) and 2D (~2400-2800 cm−1) bands.[35] The G-band is the only first-order Ramanallowed mode at the Γ point while the 2D-band is a second-order Raman-allowed mode
near the K point and is activated by the double-resonance process of two iTO phonons.
Importantly, the presence of defects, dopants, or disorder in the hexagonal lattice
(including edges) leads to the appearance of the D (~1200-1400 cm−1) and D′ (1600-1630
cm−1) bands in the Raman spectrum. The D-band comes from the iTO phonon near the K
point, while the D′-band comes from the LO phonon near the Γ point due to a double
resonance process, [35] shown later in Fig. 1.1.6.
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Figure 1.1.6: A schematic showing the double resonance processes for D- and 2D-bands
in the Raman spectrum of graphene.

The intensity of D and D’-bands increases concomitantly with the density of defects and
dopants (excepting zigzag edges and graphitic N-dopants[37]). The position of 2D band is
sensitive to the type of defects (e.g., p- vs. n-type) due to electron-phonon
renormalization. These effects may be understood as described below.

As shown in Fig. 1.1.6a, the quasi-linear variation of the electronic energy near the
K-point in graphene results in a “primary” resonance condition for any incoming visible
laser excitation energy (Elaser) i.e., the incident laser excites the electrons from the ground
state to a real eigenstate (say, real state a). A second resonant transition (or the double
resonance[33,35]) occurs when the excited electron in real state a is scattered to another real
state b (located within the same K-valley) by a iTO phonon. The presence of defects or
dopants could provide the necessary momentum to conserve iTO phonon scattering (from
states a to b) and thus lead to the appearance of the D-band (i.e., iTO phonon ~1350 cm-1
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at the K-point as seen from the phonon dispersion relations in Fig. 1.1.5). The defect
scatters the electron from real state b to a virtual state c, which then recombines with the
hole.

Unlike the D-band that can only be activated in the presence of defects, 2D-band appears
in the graphene Raman spectrum independent of defects. This could be rationalized as
follows. The graphene unit cell consists of two distinct carbon atoms (Fig. 1.1.1), which
leads to two distinguishable K and K’ valleys in graphene electronic structure (Fig.
1.1.6b). Thus, first, the incident laser can excite the electron from ground state to real
state a (in K-valley). Subsequently, the excited electron from real state a (in K-valley)
could be scattered to another real state b in the K’-valley by a iTO phonon. The
momentum of the iTO phonon connecting real states a (K-valley) and b (K’-valley) could
be conserved by another iTO phonon scattering in the opposite direction from real state b
(K’-valley) to a virtual state c in the K-valley (Fig. 1.1.6b). In the case of single-layer
graphene, as it will be seen later, the final state c could also be a real state leading to
“triple” resonances, which enhance the 2D band intensity significantly. Given that the
electronic structure and phonon scattering are very closely linked in the D- and 2D-bands,
the presence of p- and n-type dopants is known to “renormalize” the phonon energies
upon electronic doping, which could be observed in the Raman spectrum.[38,39]

The ratio of the intensity of D-band to that of the G-band (denoted as ID/IG) has been
widely used for the quantification of defects. Many Raman studies in graphite and other
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carbon systems have been devoted to develop disorder-quantification. The most advanced
protocols have been developed for the edge-defects in nano-graphite. As shown in Eq.
1.1.1, the in-plane crystallite dimensions ranging (La) can be obtained by measuring
ID/IG.[32,40,41]

La(nm) = (2.4 × 10−10)λ4laser(ID/IG)−1.

(1.1.1)

It has also been shown that the D-band intensity depends on the atomic structure of
graphene at the edges. It was found to be absent in graphite edges when the atomic
structure exhibits the zigzag arrangement.[37] On the contrary, the armchair edges lead to
a strong D-band. A perfect zigzag edge structure would be evidenced by the observation
of a D′-band (~1620 cm-1) in the Raman spectra with a complete absence of the D- band.

The Raman spectroscopic signature of graphene can be used to identify the number of
layers in a graphene film.[41] A typical Raman spectrum obtained from a single layer
graphene (SLG) grown in my experiments is shown in Fig 1.1.7 with a highly intense
2D-band appearing due to “triple” resonance.
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Figure 1.1.7: The Raman spectra of a single layer graphene sample grown using CVD
technique at the Clemson Nanomaterials Institute. The four prominent bands viz., D-, G-,
G*-, and 2D-band are clearly seen.
By analyzing the Raman peak widths and integrated intensities, one can deduce the
information on number of graphene layers present. For example, for a SLG, the ratio of
integrated intensity of 2D-band to G-band (I2D/IG) is > 2 due to the presence of higherorder resonance processes for 2D band. Also, the full width at half maximum (FWHM) of
2D peak is under ~35 cm-1 and it can be fitted with a single Lorentzian peak.[42] On the
other hand, for bilayer graphene samples (BLG), 2D peak is deconvoluted into four
Lorentzian peaks due to the presence two sub-electronic bands within the parabolic
electronic structure. When the number of graphene layers are more than two, the 2D-band
can be fitted with two Lorentzian peaks and also the relative intensity of 2D-band drops
compared to the G-band.
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1.1.3 Nitrogen doped graphene
Graphene in its pristine form is a semimetal with zero bandgap. From electronic
applications standpoint, chemical doping of graphene is necessary to open a band gap in
otherwise gapless electronic structure. The high solubility of N in C (up to 33 at. %)
makes it a natural choice for heteroatomic doping. N-doping has been shown to dope
graphene, carbon nanotubes, and other nanocarbons to achieve enhanced charge carrier
densities. [43,44]

Figure 1.1.8: Nitrogen atoms in graphene lattice in different configurations viz.,
graphitic (red), pyridinic (green), and pyrrolic (blue).
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As seen in Fig 1.1.8, N can be doped into graphene host lattice in three possible
configurations viz., graphitic, pyridinic, and pyrrolic.[45] In the pyridinic configuration,
each N atom bonds with two C atoms to contributes one p electron to the graphene p
orbital. On the other hand, in the pyrrolic configuration, two p electrons are contributed
to the p system due to the pentagon formation (see Fig. 1.1.8). Both graphitic and
pyridinc are sp2 hybridized while pyrrolic is sp3 hybridized and puckers the graphene
lattice. Thus, controlling the dopant configuration,[46] which is more important than the
dopant concentration, is a necessary for many applications such as electrochemical
sensing, fuel cells, Li-based batteries and supercapacitors, and gas sensing.[43,47,48]In my
research work, we have used N-doped graphene films for selective gas permeability[49]
applications. More details are presented in chapter 2.

1.1.4 Graphene-polymer nanocomposites
The unique properties of graphene such as its high surface area, excellent electrical
conductivity, and mechanical strength make it an ideal filler to improve the properties of
polymers and resins. It has been demonstrated that graphene-polymer nanocomposites
exhibit superior electrical, mechanical, thermal, and flame retardant properties compared
to the bare polymer or other nanocarbon-polymer (e.g., carbon black, carbon nanotubes
mixed in polymers) matrices.[50–54] Unlike other nanocarbons (e.g., activated carbon,
carbon nanotubes), graphene was found to enhance both mechanical and electrical
properties of many polymers at mass loadings as low as ~1 wt.%. For example, Liang et
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al. showed that the tensile strength of polymers such as thermoplastic polyurethane or
TPU was found to increase by 75% at a strain of 100% with 120% enhancement in
Young's modulus even at filler concentrations as low as 1 wt.%.[55] Graphenepoly(vinylidene fluoride) or PVDF polymers showed a up to ~400% increase in their
storage modulus with 4 wt.% filling. Similar to the enhancements observed in mechanical
properties, graphene fillers have been used to achieve electrically conducting polymers at
low mass loading. Cussler et al. showed that the electrical conductivity of polyethylene
terephthalate (PET) increases from 2.0 × 10−13 S/m to 7.4 x 10-2 S/m in ~1 wt.%
graphene-PET composites.[56]
In this thesis, as described later in Chapter 3, graphene was used as a filler in
thermoplastic polylactic acid or PLA to enable additive manufacturing of composites
with well-defined mm-scale patterns for achieving highly conducting electrodes for
triboelectric nanogenerators.[57]

1.2

Graphene Oxide

Historically, micron-sized flakes of graphene were initially produced using the
mechanical exfoliation method described in Fig. 1.1.2. Although mechanical exfoliation
and chemical vapor deposition produce highly crystalline graphene with high electron
mobility for applications in electronics, oxidation-induced exfoliation of graphite using
the so-called Hummer’s method[58] has been widely used to produce pristine and reduced
graphene oxide (GO) for composites and biomedical applications. In the Hummer’s
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method, graphite is subjected to strong oxidizing agents (e.g., H2SO4 and KMnO4) to
achieve graphite oxide. Subsequently, graphite oxide is dispersed and exfoliated in
aqueous media using ultrasonication to produce GO. GO is a derivative of graphene in
which the basal plane is functionalized with oxygen containing chemical groups such as
epoxy, hydroxyl, or carboxyl groups[59,60] (Fig 1.2.1). The presence of oxygen
functionalities makes GO more hydrophilic relative to graphene, which is useful for
biomedical applications that mainly use aqueous media. As described in later Chapter 4,
the interactions of GO with of biomolecules such as tyrosine, tryptophan, and
phenylalanine are experimentally investigated.[61]

Figure 1.2.1: Graphene oxide functionalized with oxygen containing chemical groups.

1.2.1 Synthesis of Graphene Oxide
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In this work, the Hummer’s method was modified to produce GO sheets.[58] In this
modified Hummer’s method, sulfuric acid (H2SO4) and phosphoric acid (H3PO4) are
mixed in a volume ratio of 9:1 and stirred for several minutes. Under stirring conditions,
bulk graphite powder is dissolved in H2SO4 and H3PO4 followed by the slow addition of
potassium permanganate (KMnO4) into the solution. The resulting mixture is then stirred
for 6 hours. During this time, the solution turns dark green. Later, hydrogen peroxide
(H2O2) is added to the mixture in order to remove KMnO4. Following the removal of
KMnO4, hydrochloric acid (HCl) and deionized water (DI) are added and the entire
mixture is centrifuged. The supernantant, which contains lighter GO flakes, is decanted
and washed with HCl and DI water several times to remove other undesired
permanganates and sulfates. This is followed by drying of the solution at ~90 °C in order
to obtain GO powder.

1.3

MXenes: 2D Carbides

In addition to traditional 2D materials such as graphene, BN, and GO, this work also
demonstrates the use of 2D carbides and nitrides known as MXenes. MXenes are a large
family of transition metal carbides and nitrides with over 60 different compositions.[62]
The general formula for MXenes is Mx+1XnTx (n=1-3), where M stands for transition
metal (e.g., Ti, Sc, Cr, Mo, Zr, Hf, Nb, Ta etc), X stands for carbon or nitrogen and T
stands for surface functional groups. Similar to graphene, MXenes show exceptional
optical, electronic, thermoelectric and plasmonic properties. [63]
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2D- Ti3C2 MXenes were first synthesized by Naguib et. al[64] at Drexel University by
etching Al from Ti3AlC2 powders using HF and subsequently exfoliating them through
ultrasonication. The reaction mechanism of selective etching of Ti-Al bond in Ti3AlC2
can be explained as follows:
Ti3AlC2 + 3HF ® AlF3 + 1.5H2 + Ti3C2 ………(1)
Ti3C2 + 2H2O ® Ti3C2(OH2) + H2 ……………(2)
Ti3C2 + 2HF ® Ti3C2F2 + H2 ………………...(3)

As an alternative of HF, it has also been demonstrated that less corrosive LiF could also
be used to etch Ti3AlC2 phase.[65] Indeed, both HF and LiF etchants[66] are known to
results in a unique metallic 2D-Ti3C2 material with highly electronegative –F surface
groups, which are ideal for triboelectric nanogenerators. In this work, as discussed in
Chapter 3, 2D-Ti3C2 with highly electronegative –F surface functional groups was used
to replace insulating Teflon for achieving highly efficient renewable energy
generators.[65]

In summary, 2D materials exhibit unique electronic, optical, and mechanical properties
that make them valuable for applications in energy generation, storage, and biosensing.
This work focuses on harnessing excellent functionalities of 2D materials for producing
nanogenerators that can renewably produce and wirelessly transmit electricity from
mechanical energy, membranes with selective oxygen permeability that are potentially
suited for Li-air batteries, and biomolecular sensors.
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CHAPTER TWO
GRAPHENE MEMBRANES FOR SELECTIVE GAS PERMEABILITY
This chapter describes my work on investigation of graphene permeability[49] to oxygen
gas which is published in the following article:
“Influence of dopants on the impermeability of graphene,” S. S. K. Mallineni, D. W.
Boukhvalov, I. S. Zhidkov, A. I. Kukharenko, A. I. Slesaree, A. F. Zatsepin, S. O.
Cholakh, A. M. Rao, S. M. Serkiz, S. Bhattacharya, E. Z. Kurmaev, and R. Podila.
Nanoscale, 2017,9, 6145-6150.

2.1 Introduction
Future electric vehicle technologies need batteries with energy and power
densities much higher than the presently used Li-ion batteries. Li-O2 batteries, which
store and deliver energy much higher than the present Li-ion technologies by drawing
oxygen from air, are the panacea for powering electric vehicles. Despite their potential,
the practical use of Li-O2 batteries has been severely impeded by the corrosion of Li
metal by ambient water vapor from air. One way to circumvent this issue is to use a
membrane that selectively allows oxygen into the battery while completely stopping or
slowing water vapor intake. Such a selective permeability membrane should also be
mechanically robust and yet sufficiently thin and light so as to not increase deadweight of
the battery. Graphene chemically grown on a copper foil protects is known to protect the
underlying Cu from oxidation by forming an impermeable barrier.

Single layer graphene is impermeable to all gases including hydrogen in its pristine form.
The overlapping p-orbitals in pristine graphene present a dense delocalized electron cloud
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to strongly repel gas molecules.[67] Atomic scale pores or controlled defects must be
introduced into the otherwise continuous graphene structure in order to allow gas
molecules to selectively permeate through the graphene barrier. Compared to the
conventional membrane technology, graphene membranes have been theoretically
predicted to exhibit superior permeability and selectivity.[68] It is important, however, to
control the pore size of the graphene membranes to develop membranes with better
selectivity and mechanical stability. Previously, nanopores were successfully sculpted in
few layer suspended graphene membrane by exposing it to the focused electron beam of a
transmission electron microscope (TEM).[69] Previously, our DFT simulations of bottomup chemical vapor deposition grown nitrogen doped graphene membranes suggested the
formation of controlled nanopores upon doping.[70] In this regard, N-doping is expected to
provide new approaches to realize bottom-up grown graphene membranes for selective
gas permeability.
Experimentally, the effect of dopants in the graphene lattice on its impermeable
nature[71,72] of graphene is largely unknown and warrants a focused investigation. Here,
we investigated the impermeability of nitrogen-doped graphene (NG/Cu) to oxygen
through X-ray photoelectron spectroscopy studies. Our results provide clear evidence that
the nitrogen dopants in the graphitic configuration retain the structural integrity of
graphene and prevent oxidation of the underlying Cu foil unlike pyridinic/pyrrolic
dopants.
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2.2 Dopant engineered graphene membranes
Chemical vapor deposition of N-doped graphene: Chemical vapor deposition (CVD) is
an inexpensive, reproducible, and scalable technique for fabricating pristine and doped
graphene.[73,74] In this work, N-doped graphene was grown on Cu foils using a mixture of
precursor gases.[70,75] In the first set of NG/Cu samples (sample 1), a 25 µm thick Cu foils
(~5 mm x 20 mm) were placed in a quartz tube furnace and heated to 1000 oC in the
presence of 50 sccm of H2 and 450 sccm of Ar. Next, 4 sccm of methane was bubbled
through a mixture of bezylamine (BA) and acetonitrile (AN) into the furnace for 30 min.
and the samples were finally cooled to room temperature under flowing H2, Ar, and CH4.
The volume percent of benzylamine (C7H9N) and acetonitrile (C2H3N) was 3:1 for
sample 1. For the second set of NG/Cu samples (sample 2), all synthesis conditions were
identical to those for sample 1 excepting that the volume percent of benzylamine and
acetonitrile was changed to 0:1 for sample 2. The annealing, growth time and growth
temperature were similar to those used for sample 1.
Raman spectroscopic characterization: Raman spectroscopy is an indispensable tool in
the study of carbon-based nanomaterials. The samples used in this study were excited
using 514.5 nm excitation of an Ar-ion laser, which was coupled to a Renishaw InVIA
spectrometer equipped with 50X objective and Peltier cooled CCD. Three prominent
bands at 1350 cm-1, 1580 cm-1, and 2700 cm-1 are observed in a typical Raman spectrum
of graphene. These bands are referred to as the D-, G-, and 2D-bands in the literature.
The intensity of D-band, or the disorder band, increases with defects such as vacancies,
or dopants. Fig. 2.1.1 shows the Raman spectra of pristine graphene (green) and nitrogen
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doped graphene.
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Figure 2.1.1: Micro-Raman spectra for pristine and doped graphene. The G-band (~1582
cm-1) is very sharp for pristine graphene while it broadens along with the appearance of a
shoulder ~1620 cm-1 or D’-band due to the presence of defects in doped graphene.
Concomitantly an increase in the intensity of D-band ~1350 cm-1 is observed for doped
samples along with a decrease in 2D-band around 2700 cm-1.

The red and blue spectra correspond to graphene doped with nitrogen in the graphitic and
non-graphitic configurations, respectively. The relative intensity ratio ID/IG was found to
be ~0.11 for pristine graphene, while it was found to be ~0.34 and ~0.65 for graphene
doped with nitrogen in graphitic and non-graphitic configurations, respectively.
Moreover, the result of doping is clearly seen in the broadening of the G-band and
appearance of the shoulder (D’-band) at ~ 1620 cm-1 compared to pristine graphene
sample.[70]
X Ray photoelectron spectroscopy characterization: XPS core-level and valence band
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(VB) measurements were made using a PHI 5000 Versa Probe XPS spectrometer
(ULVAC Physical Electronics, USA) based on a classic x-ray optic scheme with a
hemispherical quartz monochromator and an energy analyzer working in the range of
binding energies from 0 to 1500 eV. Electrostatic focusing and magnetic screening was
used to achieve an energy resolution of DE ≤ 0.5 eV for the Al Ka radiation (1486.6 eV).
An ion pump was used to maintain the analytical chamber at 10-7 Pa, and dual channel
neutralization was used to compensate local surface charge generated during the
measurements. The XPS spectra were recorded using Al Ka x-ray emission spot size was
200 µm, the x-ray power delivered at the sample was less than 50 W, and typical signalto-noise ratios were greater than 10000:3.
Optically stimulated electron emission (OSEE): Optically stimulated electron emission
(OSEE) was measured from the surface of three sets of samples (G/Cu, and NG/Cu
samples 1 and 2). The experimental details for this method for studying of the energy
band structure of thin-film structures was demonstrated in a recent publication.[76]
Briefly, OSEE measurements were performed using a grating monochromator MSD-2,
quartz optical system, deuterium lamp DDS-400 and a secondary electron multiplier
VEU-6 as the electron detector. The measurements were carried out in an oil-free vacuum
at room temperature, and the depth to which a sample can be probed using OSEE varies
from zero (for conductors) to 1000 angstroms (for materials with band gap, e.g. insulators
and semiconductors).
Density functional theory (DFT): We used density functional theory (DFT) implemented
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in the pseudopotential code SIESTA,[77] as in our previous studies of similar graphene
based systems.[78–80] All calculations were performed using the generalized gradient
approximation (GGA-PBE) with spin-polarization[81] and implementation of the
correction of van der Waals forces.[82] During the optimization, the ion cores were
described by norm-conserving non-relativistic pseudo-potentials[83] with cut off radii
1.25, 1.14, 1.45, 1.05, 2.15 a.u. for C, O, N, H and transition metals respectively, and the
wavefunctions were expanded with localized orbitals and double-ζ basis set for hydrogen
and a double-ζ plus polarization basis set for other species. The atomic positions were
fully optimized and optimization of the force and total energy was performed with an
accuracy of 0.04 eV/Å and 1 meV, respectively. All calculations were carried out with an
energy mesh cut-off of 300 Ry and a k-point mesh of 8×6×2 in the Monkhorst-Pack
scheme.[84] A rectangular graphene supercell of 48 carbon atoms over 4 layers slab of fcc
lattice of copper was used with a single nitrogen dopant in the supercell (amount of
nitrogen less than 2 at. % is estimated from XPS spectra).
2.3 Results and Discussion
Fig. 2.1.2a display the XPS survey spectra of samples 1 and 2, which indicate that Ndoping was accomplished without any additional contamination. The surface composition
estimated from XPS survey spectra (Table 2.1.1) showed a strong increase of oxygen
content
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Figure 2.1.2: XPS survey spectra (a) and Cu 2p-spectra (b) of Cu-foils coated with
graphene and nitrogen-doped graphene. The spectra for the pristine graphene are also
shown in panels a and b. For comparison, the Cu 2p spectra for Cu metal and CuO are
also shown in panel (b)

(~3.6 times) for sample 1. Fig. 2.1.2b shows the high-energy resolved XPS Cu 2p3/2spectra of samples 1 and 2. The XPS Cu 2p3/2 spectrum of sample 2 is identical to that of
pristine graphene/Cu with peak positions located very close to those in present in pure
Cu-metal. On the other hand, the XPS Cu 2p3/2 spectrum of sample 1 showed clear signs
of oxidation with high-energy broadening (indicated by arrows in Fig. 2.1.2b) similar to
the broadening present in CuO.[85] These results clearly suggest that the Cu foil in the
sample 1 is not resistant to oxidation and the appearance of O 2s-subband in the XPS
valence band spectra (Fig. 2.1.3 a). To understand the origin of the different behaviors of
samples 1 and 2 we performed detailed analysis the XPS N 1s-spectra depicted in Fig.
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2.1.3b. Clearly, the XPS N 1s spectra of NG/Cu are distinct for samples 1 and 2. The
binding energy of the main peak of sample 1 is close to 399.2 eV and arises when N is
doped in a non-graphitic configuration.

Table 2.1.1. Elementary composition obtained by XPS analysis.
It is rather difficult to distinguish pyridinic and pyrrolic-like configurations as their
binding energies overlap. In contrast, the main peak of XPS N 1s spectrum of sample 2 is
centered at ~401.3 eV and is attributed to graphitic-like nitrogen (at 401.1-402.7 eV).[43]

Figure 2.1.3: XPS valence band (a), N 1s (b) and C 1s (c) spectra of samples 1 (nongraphitic) and sample 2 (graphitic) of nitrogen doped graphene coated Cu foils. The trace
labeled G/Cu corresponds to a pristine graphene coated Cu foil.
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The formation of non-graphitic defects leads to the breaking of C-C bonds in the
graphene sheet and the creation of edge C-atoms terminated by oxygen atoms, which is
confirmed by XPS C 1s-spectra and depicted in Fig. 2.1.3c. Therefore, we conclude that
the substitution of N in the graphitic configuration results in a minimum perturbation of
the honeycomb lattice of graphene and provides a good oxidation resistance to the
underlying copper foil as in sample 2. However, nitrogen dopants in the non-graphitic
configurations (sample 1) disrupt its structural integrity with the formation of pyridinic
and pyrrolic-like defects, which provide a pathway for oxygen diffusion and consequent
oxidation of the underlying Cu foil. It should be noted that our samples are few-layered in
nature and thus grain boundaries have minimal impact on gas impermeability due to their
high tortuosity perpendicular to the surface.[86]
The dependence of the electron emission intensity (I) with respect to photon energy (hν)
is shown in Fig. 2.1.4. The OSEE spectra were analyzed using the Kane’s relation[87] (I
=A(hn-f)n ), which allowed the determination of the OSEE parameters for the three
samples used in this study. where, A is the approximation parameter (scaling factor), φ is
the work function, n is the coefficient that characterizes the type of optical transitions and
equals 1.0, 1.5, 2.0, or 2.5 depending on the prevalence of direct or indirect (with the
participation of phonons) optical transitions involved with the OSEE.
Table 2.1.2 shows the values of the parameters φ and n, which were obtained by
fitting the experimental data in Fig. 2.1.4 to the Kane’s function. We found that the
values of n in the range of 2.0 – 2.5 yielded the best fit (correlation factor R2 ~0.99),
which suggests that both direct and indirect optical transitions contribute towards the

28

electron emission. The pristine G/Cu and doped NG/Cu sample 2 demonstrated quite
stable values (n = 2.5 at room temperature) implying that the electron emission from
these samples is a surface phonon-assisted process that could be attributed to an indirect
optical excitation.[87] On the other hand, the NG/Cu sample 1 exhibited an n of 2.0
indicating the prevalence of direct optical transitions in OSEE from surface imperfection
states. Such a result is expected because non-graphitic N dopants (as in sample 1) induce
many more defects relative to graphitic N (sample 2).

Table 2.1.2. Work functions obtained for pure and nitrogen doped graphene samples
using OSEE spectra.

Table 2.1.2 also shows that the work function φ for the pristine G/Cu and the NG/Cu
sample 2 is ~ 4.75 - 4.81 eV, which suggests that graphene doped with N atoms in the
graphitic configuration does not affect the optical transitions and the photoelectron work
function. In other words, pristine G/Cu and NG/Cu sample 2 exhibit essentially similar
emission properties at the surface. On the contrary, the work function (φ = 5.02 eV) and
the type of optical transitions (n = 2.0) for the NG/Cu sample 1 are substantially different
from those of pristine G/Cu and NG/Cu sample 2 and work function for the NG/Cu
sample 1 is closer to those of copper oxides. Indeed, this is an interesting result because
NG/Cu sample 2 contains more N dopants than sample1 (see Table 2.1.1) and reaffirms
our earlier findings, which showed that the configuration of the dopant is more critical to
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tuning properties of graphene rather than the concentration.

Figure 2.1.4: The OSEE spectra of G/Cu and NG/Cu (sample 1-red and sample 2-blue).
The dots represent the experimental values and the solid traces represent the fits to
Kane’s equation.

Recent modeling studies[72,88] have focused on graphene’s permeability to single atoms
either through the center of its carbon hexagons, or via the formation of topological
defects. These studies reported an energy barrier of the order of 3~5 eV for permeability
of different atoms and molecules (e.g., H2 barrier ~4.2 eV and O2 barrier ~5.5 eV). [88]
Our recent work on oxidation of few layer graphene demonstrated experimentally and
theoretically that penetration of oxygen through top layer of graphene can be realized by
the formation of vacancies in graphene and with the removal of carbon atom in the form
of CO2 molecules with further penetration of gases trough these channels to substrate
with it further oxidation.[78] Modeling of the catalytic properties of nitrogen doped
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graphene and graphene on metallic substrates[78,79] demonstrated that the chemical
activity of graphene is sensitive to doping. To compare the permeability of nitrogen
doped graphene (both graphitic and non-graphitic configurations) we performed a stepby-step DFT-modeling of oxygen adsorption in the vicinity of the nitrogen dopant (Figs.
2.1.5a-f) and subsequent removal of carbon atom in the form of CO2 (Figs. 2.1.5 g,h)
with perforation of carbon cover.

Figure 2.1.5: The optimized atomic structures and corresponding formation energies of
different steps of interaction of oxygen (red) with graphitic (left) and non-graphitic (right)
type of nitrogen defect in graphene monolayer (black) over copper (light blue) surface.
The steps involved (a,b) physical adsorption of molecular oxygen, (c,d) activation of
oxygen molecule, (e,f) and formation of epoxy groups and (g,h) removing of carbon atom
from graphene layers as part of CO2 molecule.
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Our results demonstrated significant differences in the oxidation of graphitic and
non-graphitic dopants. In both cases, the first step of oxidation occurs via the formation
of C-O-O-C bonds (Figs. 2.1.5 a and c for graphitic and 2.1.5 b and d for non-graphitic).
While this step requires overcoming of a moderate energy barrier (+1.1 eV) in the case of
graphitic dopants, it is exothermic (-0.7 eV) in the presence of non-graphitic defects. This
contrasting behavior is expected because non-graphitic dopants result in C vacancies,
which provide high bond flexibility necessary for decreasing the chemisorption energy.
The activated oxygen atoms in the C-O-O-C bond rearrange to form two epoxy groups
(Figs. 2.1.5 e, f). Although this step is exothermic for both configurations, there is more
energy released in the graphitic case largely due to the bond relaxation from the first step.
Our theoretical results are in qualitative agreement with experimental data, which
demonstrated the visible presence of C-O bonds in graphene with non-graphitic nitrogen
defects (see Fig. 2.1.3 c). The last step of the process is removal of the carbon atom from
graphene sheet with formation of CO2 molecule and perforation of carbon cover of metal
(Fig. 2.1.5 g,h). Here we also see that for this process is visible smaller (+1 eV vs +1.5
eV) for the case of non-graphitic nitrogen defect. So, the maximal height of energy
barrier in the case of non-graphitic defect is about +1 eV that is about three times smaller
than energy required for direct penetration through graphene on metal[72,88] and more than
two times smaller than energy required for the formation of vacancy in lightly oxidized
graphene.[78] Based on our DFT-modeling and experiments, it is evident that nongraphitic defects spontaneously oxidize and open the channels for oxygen to access
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copper substrate. In the case of graphitic defects, high-energy barrier for the initial
oxygen activation step (~5.5 eV) prevents oxidation and thereby protects both graphene
and the underlying Cu substrate from oxidation.
2.4 Conclusions
In summary, we prepared pure and N-doped graphene using chemical vapor deposition
process. Our detailed XPS N 1s core level spectra and OSEE spectra confirmed the
presence of graphitic and non-graphitic N-dopants. DFT calculations show that only
formation of graphitic-like nitrogen defects with C-N substitution provides pin-hole-free
uniform coverage, which provides a good oxidation resistance to the copper metallic
surface. Based on results of XPS and OSEE measurements and DFT calculations, we
conclude that new interface states are formed due to diffusion of oxygen atoms through
graphene coating only for NG/Cu sample with non-graphitic defects. The range of values
of the work function φ and the parameter n for NG/Cu sample 1 also indicates for partial
oxidation of the Cu substrate. More importantly, we observed that the changes in work
function are very sensitive to the defect configuration rather than the concentration.
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Figure 2.1.6: Dopant configuration-controlled graphene gas permeability.
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CHAPTER THREE
APPLICATIONS OF 2D-MATERIALS FOR ENERGY GENERATION AND SELFPOWERED SENSING
This chapter describes my work on triboelectric nanogenerators[65,89–91] which is
published in the following articles:
“Facile and Robust Triboelectric nanogenerators assembled using off-the-shelf
materials,” S. S. K. Mallineni, H. Behlow, Y. Dong, S. Bhattacharya, A. M. Rao, R.
Podila. Nano Energy 2017, 35, 263-270.
“A wireless triboelectric nanogenerator,” S. S. K. Mallineni, Y. Dong, H. Behlow, A.
M. Rao, R. Podila. Advanced Energy Materials, DOI: 10.1002/aenm.201702736 (Patent
pending)
“Metallic MXenes: A new family of materials for flexible triboelectric nanogenerators,”
Y. Dong, S. S. K. Mallineni, K. Maleski, H. Behlow, V. N. Mochalin, A. M. Rao, Y.
Gogotsi, R. Podila. Nano Energy 2017, 44, 103-110.

3.1 Facile and Robust Triboelectric nanogenerator using off-the-shelf materials

3.1.1 Introduction
Triboelectric nanogenerators (TENGs), which convert random and irregular mechanical
energy into usable electrical energy, could provide promising solutions to meet global
energy needs in the near future.[92] Large-scale TENGs (area ~ few km2) have been
proposed for harvesting electricity from slow, random, and high-force oscillatory ocean
waves at the megawatt (MW) scale through the “blue energy” paradigm.[93] In addition to
macroscopic energy generation and possible grid integration at the MW scale, small-scale
TENGs (area: few mm2-cm2) are useful for powering LEDs,[94–96] pressure sensors,[97–100]
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wearable technologies,[101–104]

security detection

systems,[98]

and

transportation

monitoring.[105,106]
In vertical contact mode TENGs, an applied force (i.e., mechanical energy) is used to
bring two electrodes (chosen based on their rank in the triboelectric series[107,108] with a
caveat that at least one electrode is elastic) separated from each other by insulating
spacers into frictional contact. The electron clouds shared between the electrodes during
the initial frictional contact redistribute unevenly, according to the differences in
electronegativity and the electrode contact area, upon releasing the applied force. This
generates an electrical potential difference (V) between the oppositely charged electrodes
(±Q) separated from each other, much like a parallel plate capacitor (energy: QV/2),
which could be harvested in the form of electrical energy using an external circuit. Thus,
the total electrical energy of a TENG is primarily dictated by: a) the difference in
electropositivity/negativity between the electrodes that limits V and b) the contact area
between the electrodes that determines Q. While choosing electrode materials ranked far
apart from each other in the triboelectric series (materials list based on their charge
affinity measured in C J-1) could maximize the net potential difference, increasing the
contact area through micro/nanopattering or different modes of operation (e.g., cyclic
pressing of vertically separated electrodes, in-plane sliding of electrode [109]) can enhance
Q. In vertical contact mode TENGs, the use of electrodes with micro and nanostructures
has been shown to enhance the performance by ~150-200% with apparent areal power
densities in the range of ~75 nW cm-2 - 950 µW cm-2.[94,95,110–113] According to the
classical theory, the real area of contact between two surfaces is proportional to the load,
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roughness of the harder surface, and the elastic deformation of the softer surface.[114,115]
In other words, the reported enhancements in micro/nano-patterned polymer-based
TENGs

are

only

apparent

because

the

true

surface

area

(arising

from

micro/nanopatterning) is not considered in the power density calculation. The existing
complex device designs and laborious & expensive micro/nano fabrication processes are
inherently prohibitive for scalable production of inexpensive TENGs and thus seriously
limit their practical applications and market proliferation to niche areas. At this juncture,
an immediately apparent question is: can the output energy and power of TENGs be
increased using commercially available inexpensive scalable materials without the need
for any micro/nanopatterning?

3.1.2 Fabrication and assembly of U-TENG
Commercially available ITO coated PET (Sigma-Aldrich, surface resistivity 60 Ω sq-1)
was used as the top and bottom electrodes. Two pieces of ITO/PET film were cut into 3.5
cm x 2.75 cm rectangles. Kapton adhesive tape was attached to the ITO side of one of the
two ITO/PET sheets. This acts as the bottom electrode while the top electrode was
ITO/PET with ITO facing a Kapton film of the bottom electrode. Four pyrex insulating
spacers (~4 mm x 4 mm), cut from a microscope slide, were used to separate the
electrodes with an air gap of ~1 mm (Fig. 3.1.1). All the electrical measurements (Fig
3.1.2) were obtained using Yokogawa DL 9710L digital oscilloscope. Temperaturedependent measurements were carried out using a thermocouple attached to the mounting
base of home built pushing tester and Corning PC-420D hot plate. A 14 cm x 14 cm U-
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TENG was assembled for powering up ~200 LEDs by simple foot tapping experiment
and also for use in textile integration. Another 20 cm x 28 cm large area U-TENG was
assembled for use in passive vehicle/pedestrian monitoring applications.

Figure 3.1.1: (a) Materials for fabrication of U-TENG, viz., ITO/PET (3.5cm x 2.75 cm),
Kapton polyimide adhesive tape, and Cu connecting wires. (b) Schematic of U-TENG,
(c) U-TENG flexed to show top and bottom electrodes distinctively, (d) U-TENG in its
natural state with a 1 mm air gap separating the top and bottom electrode. (e) Optical
transmittance of U-TENG implies that it can be readily employed in applications that
require light to pass through the U-TENG.

3.1.3 Results and Discussion
We demonstrate that TENG output can be increased by choosing pairs of materials such
that: i) one electrode is a compliant polymer ranked lower in the triboelectric series (i.e.,
easily charged negatively) with relatively low compression modulus but high
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compressive yield strength (to eliminate plastic deformations at higher loads), and ii) the
other electrode is a thin conducting film with nanoscale roughness ranked higher in the
triboelectric series. Based on these criteria, we used commercially available off-the-shelf
products such as indium-tin oxide (ITO) transparent conducting films (thickness~130
nm) on polyethylene terephthalate (PET) and polyimide/Kapton adhesive tapes (charge
affinity: -70 nC J-1, compressive modulus: 2.5 GPa, compressive yield strength: 150

Figure 3.1.2: (a) Schematics for supercharging/discharging of a U-TENG. A cellulose
paper when inserted between the U-TENG electrodes leads to supercharging while static
shielding wrap leads to discharging. (b) Voc plotted as a function of time during
supercharging/discharging. Grey (/white) down arrows indicate the time instants when
static shielding wrap (/cellulose paper) was inserted between the U-TENG electrodes. (c)

39

A maximum Voc of 480 V was obtained during supercharging, whose expanded view
over a small time interval of 10 seconds is depicted in (d).
MPa) to demonstrate an ultra-simple, robust and inexpensive TENG device (~ $0.06 cm2

) which can be fabricated under ~5 min, referred henceforth as U-TENG. Notably, U-

TENGs exhibit (i) power densities of ~190 μW cm-2 (based on the total device area i.e.
3.5 cm x 2.75 cm) and ~490 μW cm-2 (based on pushing tester contact area with diameter
~ 20 mm) without the need for any nanopatterning; and (ii) a maximum open-circuit
output voltage (VOC) of 480 V, short-circuit current (ISC) of ~50 μA, and maximum peak
power of 1.7 mW with no loss in performance for >20,000 cycles.

Figure 3.1.3: Finite element simulation of U-TENG. No potential difference exists
between the top and the bottom electrodes when they are separated (a), or just begin to
come into physical contact (b). After the physical contact, the potential difference
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increases with increasing electrode separation and attains a maximum value of ~490 V
between top and bottom electrode (c-d).

Moreover, U-TENGs were able to rapidly charge commercial capacitors (1-10 μF and
voltage up to 60 V) in less than 10 min, and power electronic devices and components
(e.g., handheld calculator, LEDs). Our finite-element based models (Fig. 3.1.3) clearly
evidenced that the resulting outputs originated from charge-induction through
triboelectric effects. Lastly, U-TENGs displayed a consistent output voltage of ~480 V
even under extreme climate conditions, proving that they can function efficiently at any
temperature between ambient to ~60 oC.
As shown in Fig. 3.1.1, in the U-TENG device, the ITO (from the top-electrode) and
Kapton (bottom electrode) are the contacting surfaces leading to triboelectrification. The
use of commercially available ITO/PET and Kapton electrodes provides many
advantages such as: i) reduced fabrication time without pre-processing leading to low
device cost compared to traditional TENGs, which may require expensive and time
consuming lithographic micro-patterning or metal-electrode deposition, ii) high electric
power outputs due to differences in work functions (f) of ITO (f =4.8 eV) and Kapton
(f =4.3 eV), iii) long cycle life resulting from high thermal stability, high tensile strength
(234 MPa), and high dielectric strength (240 V/μm) of Kapton and high electrical
conductivity of ITO (~104 S cm-1), and iv) compact device architecture because the ITO
surface on the top electrode serves a dual role in the U-TENG, i.e., in addition to acting
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as a friction layer for rubbing against the Kapton film, it also serves as the currentcollector for the top layer.
Cu wires were attached on the edges of the conducting side of both electrodes (as
shown in Figs. 3.1.1) for collecting electrical current from the U-TENG. The electrical
performance of U-TENG was characterized using a periodic vertical pushing force of ~50
N (2 Hz; dropped from a height of 1 cm), applied by a home-built motorized pushing
tester (Fig. 3.1.4). Based on the charge affinity of Kapton (-70 nC J-1) and the applied
mechanical force (50 N corresponding to a potential energy ~0.5 J), a maximum surface
charge density (MSCD) ~35 µC m-2 is expected. Previously, Wang et al. showed that
triboelectric materials cannot attain MSCD due to limitations posed by air breakdown and
the thermal fluctuations in surface potential difference between conventional materials.
[116]

Figure 3.1.4: Home built motorized pushing tester. The U-TENG was fixed onto to an
insulating glass slide at the bottom.
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Nonetheless, the charge density could be enhanced by other means, such as singlepolarity ion injection or by using polarized materials or chemical modification of polymer
surfaces in addition to the surface triboelectrification.[117–120] Accordingly, a cellulose
paper (/static shielding wrap) when inserted in between ITO and Kapton electrodes
increased (/decreased) the surface charge density or “supercharged” (/superdischarged)
U-TENG. The highly electropositive cellulose paper (/static shielding wrap) when
inserted between ITO and Kapton electrodes induces (/drains) charges leading to an
increase (/decrease) in the output voltage (Fig. 3.1.2). The output voltage in Fig. 3.1.2b is
decreased upon insertion of either cellulose paper or static shielding wrap (white/gray
downward arrows) as ITO and Kapton do not come into direct contact. The effects of
supercharging (/discharging) are evident in the enhanced (/decreased) voltage output
upon removal of the cellulose paper (/static shielding wrap). A maximum VOC ~480 V
(400% increase compared to the initial VOC ~120 V) was achieved by the simple insertion
of cellulose paper (Fig. 3.1.2 c and d), as opposed to more expensive and time-consuming
ion injection processes. The COMSOL simulations (Fig. 3.1.3 a-d) showed that VOC ~480
V corresponds to a charge density of ~3.85 μC m-2, which is ~10% of theoretical MSCD
(~35 μC m-2). It should be noted that a higher charge density can be achieved in U-TENG
by increasing the frequency of the mechanical force >10 Hz.[121] However, this study is
limited to relatively ubiquitous low frequency (~2 Hz) to replicate conditions often
encountered in practical applications such as harvesting energy from ocean waves and
pedestrians. The supercharged U-TENG showed a peak VOC ~ 480 V and ISC ~ 50 μA. In
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addition to OC and SC testing, the output voltages and currents were measured under
varying load conditions to evaluate the use of U-TENG for practical applications. The
schematic for load testing measurements, and outputs for various load resistances are
shown in Fig. 3.1.5.

Figure 3.1.5. Schematic of the U-TENG electrical circuit to evaluate its resistive load
characterization measurements.

As shown in Fig. 3.1.6 a, the increase in load resistance increases the voltage drop (red
curve) while decreasing the current (blue curve). A maximum peak power of ~1.7 mW
was obtained by U-TENG at an equivalent load of 40 MΩ. The power curve of U-TENG
exhibited a broad plateau over a wide range of load resistances from about 1 to 160 MΩ
without significant loss in the output. This highly desirable attribute allows U-TENG to
be employed in applications imposing different load conditions while retaining near-
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maximum output power. While the peak outputs are often reported in the TENG
literature, RMS values provide a better estimate of TENG device capacity to convert
mechanical work into electrical energy. U-TENG displayed a pulse energy as high as 7
μJ with RMS (referred to pulse duration) power ~0.25 mW (Fig. 3.1.6 c and d).

Figure 3.1.6: Electrical resistive load characteristics of U-TENG (3.5 cm x 2.75 cm). (a)
Peak output voltage (red) and currents (blue), (b) peak power output with varying load
resistances, (c) RMS voltage (red) and current responses (blue) of U-TENG as a function
of varying loads, and (d) RMS power (magenta) and energy delivered per pulse (green)
for different loads.
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To demonstrate the suitability of U-TENG in practical applications such as battery
powered electronics that require a fixed voltage, various capacitors (1-10 µF) were
charged from U-TENG output (Fig. 3.1.7).

Figure 3.1.7: Electrical capacitive load characteristics of U-TENG (3.5 cm x 2.75 cm),
(a) Schematic of capacitor charging circuit using U-TENG, (b) Charging curves for 1μF
(red) and 2μF (blue) capacitors as a function of time, and the inset shows powering of a
LED by a charged capacitor. The voltage discharge curves are also depicted. (c) An
expanded view of the boxed area in (b) which shows that the charging voltages is linear
in time during the first 50 s. (d) Correlation between the press and release cycles of UTENG (green) with capacitor’s charging voltage steps (red).
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Because each press/release cycle from the U-TENG produces only a small increment in
the voltage of the capacitor, the capacitor approximates a constant voltage load (similar to
a battery or an electronic device). Fig. 3.1.7 b shows V(t), the voltage on the capacitor vs.
time, resulting from the U-TENG (3.5cm x 2.75 cm) operating at 2 Hz. The red (/blue)
curve in Fig. 3.1.7 b represents the charging of 1µF (/2µF) capacitor to a voltage of ~65 V
(/~40 V) attained in < 500 s. The curves in Fig. 3.1.7 b are similar to typical RC charging
curves. Note that the curves during the initial 50 s are approximately linear (Fig. 3.1.7 c),
indicating that U-TENG behaves as a constant current source at low voltages. An
expanded view of the first two charging cycles of the U-TENG output evidently displays
a clear correlation between the press and release voltage peaks of a resistively loaded UTENG and the increments in capacitor voltage (Fig. 3.1.7 d).
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Figure 3.1.8: U-TENG output waveforms across varying load resistances. The output is
negative during the pressing cycle and positive upon release (with the polarity of our
setup i.e. Top (/bottom) electrode of U-TENG is +ve (/-ve).
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As seen in Fig. 3.1.8, the output is negative during pressing, and positive upon release
(with the polarity of our setup i.e. the top electrode connected as input signal to scope).
The ringing observed in the press peak (dashed box in Fig. 3.1.7 d) is due to mechanical
re-bouncing of the pressing mandrel that is periodically dropped from a height of ~1 cm,
giving rise to 2 or 3 subsequent impacts. The ringing effect leads to a higher capacitor
voltage step during the press cycle.

Figure 3.1.9: (a) Changes in the output power and current of U-TENG (3.5 cm x 2.75
cm) as a function of capacitor charging voltage (b). The energy stored in 1μF capacitor
plotted as function of time.

The current in the capacitor charging circuit decreases with increasing voltage on the
capacitor (Fig. 3.1.9 a). The capacitor energy vs. time (Fig. 3.1.9 b) was approximately
linear after the first 150 s of charging (~ 15 V), suggesting a shift of the output
characteristic of the U-TENG from constant-current like to constant-power like, which
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can also be seen in Fig. 3.1.8 a. The power output is initially zero under the short-circuit
condition but rapidly increases to a maximum of 6 µW at a load voltage ~40-60 V.

Figure 3.1.10. (a) Schematic of the U-TENG circuit which was used to directly power
commercial LEDs. Notably, no capacitor storage banks were used. (b –c) About 69 and
125 LEDs were powered by a 3.5 cm x 2.75 cm sized U-TENG (c) A relatively larger (14
cm x 14 cm) U-TENG operated by simple foot tapping powered at least 192 LEDs. (d) A
schematic of the circuit which powered a calculator whose internal coin cell battery was
removed (e -f). Energy from the U-TENG (3.5 cm x 2.75 cm)

Further, in order to demonstrate the practicality of U-TENG, direct powering of up to
~200 commercial LEDs and an 8-digit handheld calculator was performed using
electrical power generated by U-TENG (Fig. 3.1.10). Fig. 3.1.10 a and d show the
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schematics of the U-TENG circuit used to power LEDs and 8-digit handheld calculator,
respectively.

Figure 3.1.11: Performance of the U-TENG (3.5 cm x 2.75 cm) as a function of
temperature. The open circuit voltage of the U-TENG remained consistently at ~480 V
even when its temperature reached 60 oC.
A 10 μF capacitor bank was charged for about 500 s, and the stored energy readily
powered the calculator. It is important to note that extra buck-boost circuit was not used
for any of the demonstrated applications. These applications clearly highlight the high
performance, robustness, and long cycle stability of U-TENG despite its simple
architecture, built from readily available materials. Additionally, U-TENG did not show
any deterioration in its performance even when its temperature was raised to 60 oC, which
suggests that U-TENG is robust and can be employed even in extreme weather conditions
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(Fig. 3.1.11). The U-TENG output decreased gradually above 60 oC and reached a
saturation ~ 240 V at higher temperatures ~110 oC, which is attributed to the plastic
deformation of PET.

Figure 3.1.12: (a -b) Use of a large area U-TENG (20 cm x 28 cm) for vehicle and (c -e)
pedestrian monitoring. (f -g) A 14 cm x 14 cm U-TENG embedded in T-shirt for
harvesting vibrational energy of a fabric caused either by wind or human motion such as
walking or running.

Considering the robustness and ease of fabrication of U-TENG, a scaled up U-TENG
(dimensions to 20 cm x 28 cm) for use in vehicle or pedestrian monitoring

was

fabricated (Fig. 3.1.12 a - e). Also, considering the fact that the U-TENG is flexible, it
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can be readily incorporated into textiles (Fig. 3.1.12 f and g) to harvest the vibrational
energy either due to wind, or human motion such as riding a bike, horse or simply
walking or jogging

Figure 3.1.13: (a) U-TENG (3.5 cm x 2.75 cm) retained an open circuit voltage of ~460
V even after it was subjected to more than 20,000 cycles of load testing measurements
and use. Its output voltage decreased by a mere ~4% from the initial open circuit voltage
of ~480 V which can easily be regained within few seconds by the use of a cellulose
paper (supercharging process).

Lastly, the U-TENG retained the supercharged state with a highly consistent voltage
output (Fig. 3.1.13) throughout the duration of all load-testing measurements (such as
lighting up of commercial red/green LEDs, repeated charging of 1-10 μF capacitors, and
powering a handheld 8-digit calculator) presented in this article, which lasted for at least
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20,000 cycles. A 1000- cycle test, performed after 20,000 cycles of load-testing
measurements, showed that the output peak voltage dropped by a mere 4% to 460 V from
the original VOC ~480 V, proving excellent reliability and robustness of U-TENG. Such
robustness is a direct consequence of the simple design of U-TENG compared to other
architectures wherein the micro-patterned polymer surfaces, used for increasing the
friction for efficient triboelectrification, could possibly wear out during the device
lifetime.

3.1.4 Conclusions
In summary, a simple, low-cost, and scalable fabrication of robust U-TENG using
commercially available PET/ITO and Kapton electrodes was demonstrated. A maximum
output voltage of 480 V, and output power of 1.7 mW was obtained under the vertical
pushing force of 50 N at 2 Hz. The calculated power density of the device was ~490 µW
cm-2, which lasted for more than 20,000 cycles and proved sufficient to directly power
commercial red/green LEDs, charge capacitors, or intermittently operate an 8-digit
handheld calculator. Furthermore, U-TENG is versatile as it maintained a steady output
voltage of ~480 V even at an elevated temperature of 60 oC. U-TENG is inexpensive to
fabricate ($0.06 cm-2) and can be readily scaled for industrial production for harvesting
electrical energy from any mechanical motion.
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3.2 A Wireless Triboelectric nanogenerator

3.2.1 Introduction
In this work, we demonstrate a new paradigm for the wireless harvesting of mechanical
energy via a 3D-printed triboelectric nanogenerator (TENG) which comprises a graphene
polylactic acid (gPLA) nanocomposite and Teflon. The synergistic combination of ecofriendly PLA with graphene in our TENG exhibited an output voltage > 2 kV with an
instantaneous peak power of 70 mW, which in turn generated a strong electric field to
enable the wireless transmission of harvested energy over a distance of 3 m. Specifically,
we demonstrate wireless and secure actuatation of smart-home applications such as smart
tint windows, temperature sensors, liquid crystal displays, and security alarms either with
a single or a specific user-defined passcode of mechanical pulses (e.g., Fibonacci
sequence).

Notably, such high electric output of a gPLA-based TENG enabled

unprecedented wireless transmission of harvested mechanical energy into a capacitor,
thus obviating the need for additional electronics or energy sources. The scalable additive
manufacturing approach for gPLA-based TENGs, along with their high electrical output
can revolutionize the present method of harnessing the mechanical energy available in
our environment.
Triboelectricity is emerging as a possible power source for portable electronics,[110,122–
125,90]

sensors,[92,126–136]

and

other

wearable

devices.[101,102,137–140]

Triboelectric

nanogenerators (TENGs) harness the contact induced electrostatic potential generated
across the surfaces of two dissimilar materials to convert waste mechanical energy into
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usable electrical energy. Given that many materials such as metals, silk, wool exhibit
triboelectrification, the choice of electrode materials in TENGs is virtually
unlimited.[107,108] The materials pair in a TENG is often chosen so as to maximize the
potential drop while allowing easy flow of charges (i.e., less electrical resistance) to
harvest usable power. In the last five years, a deluge of proof-of-concept studies has
demonstrated TENGs using pairs of different patterned nanomaterials and polymers.
Notwithstanding this progress, an important question remains unaddressed in TENGs.
How can one realize eco-friendly and high-performance TENGs without the need for the
devices to be hardwired to the TENG? It is thus imperative to identify earth-abundant,
biodegradable, and recyclable materials (e.g., biopolymers) that are suitable for realizing
sustainable and eco-friendly TENGs with high output electric fields for wireless
transmission of harvested energy.
The crystallographic symmetry plays a decisive role in determining the tribo- and
piezo-electrical properties of material.[141] For example, the piezoelectric tensor vanishes
for any material or crystal with a centre of symmetry implying that centrosymmetric
crystals cannot be effectively polarized through tribo- and piezo-electrification. Based on
crystal symmetry arguments, Fukada et al. previously established that effective
polarization could be achieved in biopolymers when polar groups are linked to one of
their asymmetric carbon atoms.[142,143] Polylactic acid (PLA),[144] a plant-derived
biodegradable linear aliphatic thermoplastic polyester, contains two asymmetric carbon
atoms that facilitate a high degree of polarization upon tribo-electrification.[145] Yet, PLA
as a TENG electrode is inefficient due to its high electrical resistance. Here, we resolve
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this challenge by using electrically conducting graphene-PLA (gPLA) nanocomposites to
additively manufacture sustainable TENG electrodes with high output voltages (>2 kV)
and high output powers (> 70 mW). Graphene is an ideal filler for improving the
electrical conducting properties of PLA because it: 1) can store injected electrical charges
with a decay time ~40 mins,[144] which is an order of magnitude higher than decay times
in oxides, 2) leads to high electrical conductivity (volume resistivity ~0.6 ohm-cm) at low
filler content ~15 wt.%, and 3) improves the mechanical robustness of PLA.[146]
In this work, we describe novel additively manufactured gPLA composite-based
high-performance TENGs that not only convert mechanical energy into electricity but
also wirelessly transmit the generated energy without the need for additional circuitry or
external electrical power. In particular, a 3D-printed gPLA nanocomposite on a
polyimide

(or

Kapton)

film

was

used

along

with

a

complementary

polytetrafluoroethylene (PTFE or Teflon) film to fabricate a gPLA-based TENG (Fig.
3.2.1).
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Figure 3.2.1. (a) A schematic of additive manufacturing of a W-TENG bottom electrode.
The active material for the W-TENG electrode, viz., gPLA filament spool, is fed to the
extrusion nozzle that prints computer-designed 3D patterns on the substrate. (b) A printed
bottom electrode for W-TENG. (c) A fully assembled W-TENG with a copper ribbon
attached to the bottom electrode, and a Teflon sheet as the top electrode. A detailed stepby-step fabrication process of W-TENG is shown in Figure 3.2.2.

Figure 3.2.2. Systematic assembly process of a W-TENG.
When actuated by simple mechanical motions such as hand tapping, the TENG
generated high output voltage (> 2 kV) and power (> 70 mW). Furthermore, the high
output voltage resulted in a high electric field at the end of the copper ribbon (attached to
the gPLA electrode, Fig. 3.2.2), to enable wireless transmission of the electric field over a
distance of 3 m. Unlike earlier reports in which a TENG was hardwired to power a
commercial wireless transmitter,[147,148] a W-TENG can wirelessly control a variety of
electronic gadgets (e.g., electrochromatic windows, temperature sensors, liquid crystal
displays, and security alarms for smart-home applications) in real time, without the need
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for additional amplification or commercial wireless transmitters. Given that all state-ofthe-art wireless transmitters are powered externally (e.g., through batteries), W-TENGs
represent a renewable self-powered alternative that can activate an electronic circuit by
simple mechanical motion such as hand tapping. Lastly, we also demonstrate that the
electrical energy generated from mechanical energy imparted to a W-TENG can be
wirelessly transmitted and stored in a capacitor. All the above attributes make W-TENG a
viable green alternative for wirelessly powering the internet of things (IoT).

3.2.2 Graphene nanocomposites for wireless energy harvesting
Fabrication and assembly of W-TENG: A Prusa i3 3D printer was used for
additively manufacturing TENGs using gPLA filaments purchased from Graphene
Supermarket. For comparison, a similar TENG was manufactured using PLA filaments.
A borosilicate heat-print-bed glass maintained at 70 °C was used as the bottom
supporting substrate (Fig. 3.2.1). A thin polyimide film was first attached to the top
surface of the bed glass, and the PLA or gPLA filament was extruded at 220 °C and
printed layer-by-layer on the polyimide film through the fused deposition model. Next, a
copper ribbon was attached to the gPLA electrode to serve as a wireless transmitter. A
Teflon sheet (purchased from ePlastics) was used as the top electrode (Fig. 3.2.2).
Characterization W-TENG: Micro-Raman spectroscopy was performed on the
gPLA electrodes using a Renishaw micro-inVia spectrometer (514.5 nm Ar+ ion laser
excitation, 50× objective and Peltier-cooled CCD). Scanning electron microscopy (SEM,
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Hitachi S4800) and thermogravimetric analysis (TGA, Q500 system from TA
instruments, in flowing nitrogen) were also performed, and the output TENG voltages
were measured using a Yokogawa DL 9710L digital oscilloscope.
Wireless signal processing circuit (WSPC): For the wireless detection of TENG
output signals, a WSPC was designed in-house in this article. Our WSPC consists of a
preamplifier (LMC6001), an intermediate amplifier (TL062), and a pulse-shaping
integrated chip or IC (NE555). A high pass filter with a 150pF series capacitor and a 100
MΩ resistor (characteristic roll-off frequency of ~5 Hz) was used as the high impedance
input to the preamplifier. The high-pass filter is necessary for mitigating interference
from the surrounding electric fields. The preamp was configured to have a gain of ~2.2.
Although TENGs produce both negative and positive pulses upon pressing and releasing,
the amplitude of the positive voltage pulse in our case was ~4-fold larger than the
negative pulse. Thus, the preamp output was passed through a Si-diode for signal
rectification and only the positive pulse was retained. The intermediate amplifier was
configured as an inverting amplifier with unity gain to make the rectified signal
compatible with the pulse shaping IC’s trigger input. Finally, the pulse shaping IC
consisted of a 555 timer configured to operate in a monostable mode as a one-shot, which
upon being triggered produces a 12 V square pulse of ~0.2 s duration (a signal which is
compatible with the toggling relay trigger input). Additionally, the 0.2 s duration of the
one-shot output eliminates any input pulse “bounce” (resulting from the oscillation of
TENG electrode after mechanical activation) that might be present in the time window of
0.2 s. The output duration of the pulse from 555 timer can be adjusted by modifying the
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values of the capacitor and resistor connected in series between pins 1 and 8. When the
negative trigger pulse from the inverting amplifier is applied to pin 2 of the 555 timer, the
voltage across the capacitor (4.7 µF attached to 39 KΩ; RC ~0.2 s) increases
exponentially for a period of ~0.2 s. Thus, TENGs in this study were designed to transmit
wireless signals with a minimum spacing of ~0.2 s.
3.2.3 Results and Discussion
In this study, gPLA feedstock was heated above its glass transition temperature
(Tg= 55 oC) and extruded through the 3D printer’s nozzle (Fig. 3.2.1) to rapidly print
multiple gPLA layers (~16 x 18 cm2) on a thin polyimide (or Kapton) film (thickness 60
~µm) attached to a borosilicate heat-print-bed glass. This assembly constitutes the bottom
electrode for the TENG. Next, a Cu ribbon was attached to the printed gPLA, and a
Teflon sheet was attached to the bottom electrode using narrow strips of Kapton tape to
yield a W-TENG (Fig. 3.2.1 c). The rationale for choosing Teflon as the top electrode is
its high electronegativity, which enables it to readily accept electrons when rubbed
against other surfaces.[107] In the W-TENG depicted in Fig. 3.2.1 c, the buckling of the
top Teflon sheet resulted in a natural gap between the top and bottom electrodes
obviating the need for additional spacers (which are often used in vertical TENGs).
As shown in Fig. 3.2.3 a, the Raman spectrum of the gPLA electrode showed the
characteristic graphitic, or G-band (~1585 cm-1), along with the disorder, or D-band
(~1350 cm-1), and its overtone 2D-band (~2700 cm-1).[35,41] In addition to the Raman
features of graphene, the CH3 symmetric stretching modes of PLA ~2900 cm-1 are also
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evident.[149] Thermogravimetric analysis (TGA) of the PLA and gPLA electrodes showed
a clear decrease in weight at temperatures ~270 oC and ~340 oC respectively, due to the
decomposition of PLA (Fig. 3.2.3 b). The presence of graphene in the PLA matrix clearly

Figure 3.2.3: (a) Raman spectrum of the bottom electrode which shows the G-, D-, and
2D-bands of graphene along with CH3 symmetric stretch modes of PLA. (b) TGA of
bottom electrodes prepared from PLA and gPLA filaments. (c) SEM image showing
highly porous matrix of gPLA bottom electrode.
increased the structural stability of the gPLA electrode. Similar enhancements in the
structural composition was observed upon addition of carbon nanotubes (CNTs) into the
PLA polymer matrix.[146] Unlike PLA electrodes, gPLA electrodes showed ~15-17 %
weight retention above 400 oC due to the presence of graphene, which was confirmed by
the Raman spectrum of gPLA electrode subjected to 800 oC during TGA (Fig. 3.2.4). The
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W-TENG is initially in a neutral state with no potential difference across the electrodes.
The top electrode is negatively charged when it is “pressed” against the bottom electrode
by a mechanical force, such as hand tapping (see Fig. 3.2.5 a-b).

Figure 3.2.4: Raman spectra of gPLA before (red) and after (magenta) TGA.

In this process, the top surface of gPLA is oxidized leading to a surface polarization.[150]
Upon releasing the mechanical force, the negatively charged Teflon sheet relaxes to its
initial configuration, and further polarizes the bottom gPLA electrode leading to a
measurable mean potential difference > 1.5 kV (Fig. 3.2.5 c-e). Such enhanced output
voltages were not observed when the bottom electrode was printed using a PLA filament
(Fig. 3.2.6). While the surface dipoles on PLA become oriented under the influence of
negatively charged Teflon, the dipoles within its bulk remain randomly oriented due to
the lack of charge flow and hindered mobility of polymer macromolecules (Fig. 3.2.7 a).
[150]

The voltage increase in gPLA electrode based TENG is attributed to the presence of
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graphene, which extends the polarization of PLA deeper into the bulk by facilitating
charge flow (see Fig. 3.2.7 b). To confirm this assertion, we etched the surface of gPLA

Figure 3.2.5: (a - b) Schematic of the working mechanism of a W-TENG. The periodic
pressing and releasing of the top electrode (Teflon) results in the generation of positive
and negative voltage peaks, respectively. (c - e) Dependence of W-TENG’s output
voltage on thickness of the bottom electrode; here 2L, 4L, 6L represent two, four, and six
layers of printed gPLA electrodes whose thicknesses are ~1, 2 , 3 mm, respectively.

Figure 3.2.6. Open circuit voltages generated a TENG in which the bottom electrode
was composed of (a) 2L, (b) 4L, and (c) 6L PLA.
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Figure 3.2.7. The induced polarization in the polar PLA (a) and gPLA (b) bottom
electrodes when placed in the vicinity of a negatively charged top electrode. While, the
triboelectric charges in PLA are confined at the surface, it extends throughout the bulk in
gPLA due to the presence of graphene resulting in boosted output voltages.

electrode using dicholorethane to remove the top layer of PLA on the surface of the
electrode. The CH3 stretching modes ~2900 cm-1, which were originally present in asprinted gPLA electrode, were absent in the Raman spectrum of dichloroethane-treated
gPLA electrode (Fig. 3.2.8) confirming that PLA was successfully removed from the
surface, and thus exposing graphene. The W-TENGs with dichloroethane-treated gPLA
electrodes, however, showed ~1.8 kV that is ~33 % lower than the voltage exhibited by
as-printed gPLA electrode (2.7 kV, Fig 3.2.9). A detailed electrical characterization of
the W-TENGs hardwired to varying loads is presented Fig. 3.2.10 a. More importantly,
the improved electrical conductivity of gPLA electrodes facilitated a current flow with a
peak power ~70 mW (Fig. 3.2.10 b), whereas no significant current could be drawn from
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PLA electrodes. The high electrical output of the W-TENG readily powered ~300
commercial green LEDs (Figs. 3.2.11 a-b) and also rapidly charged a 10 µF capacitor to
~30 V within 2 minutes (Figs. 3.2.11 c-d). Note that the focus of this study is to
demonstrate the use of W-TENGs in self-powered wireless applications.

Figure 3.2.8:

Raman spectra of pristine- and dichloroethane-treated gPLA. The

characteristic CH3 symmetric stretch bands were absent in Raman spectrum of the treated
gPLA as PLA was etched by dichloroethane.

As stated above, the high electric field generated by the W-TENG enabled
wireless transmission without the need for any other external signal transmitters. Any
mechanical action or pulse, which pressed the top Teflon sheet against the bottom gPLA
electrode generated a large potential difference (> 2 kV at the device) with an associated
electric field that could be instantaneously sensed over a distance of at least 3 m. For
example, gentle hand tapping of the W-TENG was detected in real-time as a single
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voltage pulse by an oscilloscope equipped with a custom-built WSPC (Figs. 3.2.12 a and
b) situated ~3 m from the W-TENG. The unique feature of the W-TENG. is that it acts
both as the electrical energy generator and the signal transmitter.

Figure 3.2.9: Open circuit voltages (Voc) generated by (a) 2L gPLA electrode-based WTENG, which is reduced upon treating the electrode with dichloroethane (b).

Figure 3.2.10: Resistive load characterization of a W-TENG. (a) Peak voltages (red) and
currents (blue) with varying load resistances. (b) Peak power of ~70 mW generated by a
W-TENG.
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Figure 3.2.11: Schematics of a W-TENG powering green LEDs (a) and charging a
capacitor (b) in a wired configuration. Panels (c) and (d) show the response of a 300 LED
array and a 10 µF capacitor.

This is unlike the previous TENG demonstrations in which the TENG was merely used to
charge

batteries

or

capacitors

that

powered

commercial

wireless

signal

transmitters.[147,148] When the W-TENG was hand tapped in a Fibonacci sequence (i.e., 1,
1, 2, 3, 5, and 8 taps) with a ~1 s gap between each cycle, the mechanical pulses were
wirelessly detected by the WSPC as an instantaneous voltage spike with the same
periodicity as the input pulses (Fig. 3.2.12 c). Such a real-time response allows the selfpowered W-TENGs to wirelessly transmit signals (akin to Morse coding) that can be
detected by simple and
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Figure 3.2.12: (a) A custom-built wireless signal processing circuit (WSPC) for
detecting the electric field generated by a W-TENG. The output of WSPC can be coupled
to a toggle relay for actuating smart home devices. (b) The magnitude of the voltages
sensed by WSPC as a function of distance between the W-TENG and WSPC antenna (for
a pre-amp gain of 2.2). (c) The first six numbers of a Fibonacci sequence transmitted
wirelessly by a W-TENG.

inexpensive electronic receivers. In this regard, W-TENGs can function as self-powered
wireless controllers for smart-home applications such as lights, temperature sensors,
burglar alarms, smart-windows, and garage doors. As shown in Fig. 3.2.13, we
demonstrated such applications by hand tapping W-TENGs to wirelessly activate
alarms/calling bells, lights, sensor displays, smart-windows, and photo frames. Lastly, WTENGs can be used to activate security systems either with a single, or a specific userdefined passcode, of mechanical pulses (e.g., Fibonacci sequence).
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Figure 3.2.13: The use of a W-TENG for actuating smart home applications such as,
smart-tint windows, photo frames, LED displays, calling bell/security alarm, etc.

Given that the most abundant energy associated with humans is mechanical energy
resulting from of body motion, W-TENGs can be used to harvest otherwise wasted
mechanical energy from human motion (e.g., walking) to wirelessly charge energy
storage devices such as a capacitor. A 1 µF capacitor was wirelessly charged to 5.0 V
within a minute (corresponding to a power of ~0.2 µW) using a W-TENG that was
triggered by hand tapping (Fig. 3.2.14). Though the harvested power might appear low, it
should be noted that the charging here is 100% wireless and does not require any
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Figure 3.2.14. (a) A schematic for wireless charging of a capacitor. The ac leads of a
full-wave rectifier act as an antenna and capture the energy in the electric fields generated
by the W-TENG. (b) A 1 µF capacitor was charged wirelessly to 5 V in less than a
minute by hand tapping the W-TENG.

additional batteries. Thus, one could envision a large array of W-TENGs integrated into
walkways, roads and other public spaces to wirelessly charge energy storage devices that
can harvest otherwise wasted mechanical energy. Given that mechanically robust WTENGs can be scalably 3D printed and virtually last forever, such large installations are
physically feasible and economically viable. We note that the already high output of a WTENG can be further enhanced to up to 3 kV by Ar plasma treating the top Teflon
electrode,[151] or by patterning or texturing the bottom gPLA electrodes via 3D printing
(Fig. 3.2.15) for enhanced friction to convert mechanical energy into electricity, and
wirelessly transmit energy to store into devices (e.g., capacitor).
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Figure 3.2.15. Open circuit voltages of ~ 3 kV generated by (a) texturing the bottom
gPLA electrode for enhanced friction, or (b) Ar plasma treated top Teflon electrode.

3.2.4 Conclusion
PLA-based TENGs were additively manufactured or 3D-printed on a polyimide
film using the fused deposition modelling process. The addition of graphene to PLA
resulted in an improved electrical conductivity of the printed gPLA electrode, which
resulted in the improved performance of W-TENG with an output voltages > 2 kV and
output powers of ~70 mW. The high electrical output of W-TENGs readily powered
~300 commercial green LEDs and also rapidly charged a 10 µF capacitor to ~30 V within
2 minutes. The high voltage output of W-TENGs generated high electric fields that
enabled wireless transmission without the need for external signal transmitters. In this
regard, W-TENGs represent ideal self-powered transmitters that can securely actuate
smart-home applications such as lights, temperature sensors, burglar alarms, smartwindows, and garage doors upon receiving a specific sequence of mechanical pulses (i.e.,
a secure passcode). Moreover, W-TENGs enable unprecedented wireless harvesting of
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mechanical energy, viz., a 1 µF capacitor was wirelessly charged to 5.0 V within a
minute (corresponding to a power of ~0.2 µW) using a W-TENG triggered by hand
tapping.

3.3 Metallic MXenes-based triboelectric nanogenerators

3.3.1 Introduction
The advent of portable and handheld electronics is imposing a greater demand on
the global energy resources. Electronic devices, such as mobile phones and laptops,
account for a large portion of the global electricity consumption.[152] Flexible electronics
aims to transform portable devices powered by batteries into low-power (mW-µW)
wearable devices that can be integrated into everyday clothing.[153–158] In this regard, a
promising approach is to harvest the energy dissipated in the movements of the wearer
using triboelectric nanogenerators (TENGs) to develop self-powered wearable devices.
[92,93,103,122,126,159–163]

A TENG harvests waste mechanical energy by bringing two

electrodes into contact in different configurations such as: i) the vertical contact
separation mode,[90,132,164] ii) the in-plane sliding mode,[136,165–168] iii) the single-electrode
mode,[128,131,169,170] and iv) the free standing triboelectric layer mode.[171,172] In a TENG,
charge transfer occurs between electrodes during intermittent contact according to the
differences in their electronegativity. This generates an electrical potential difference (V)
between the oppositely charged electrodes (±Q) separated from each other, much like a
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capacitor, and the energy E=QV/2 could be harvested in the form of electrical energy
using an external circuit. The overall performance of a TENG depends on the contactinduced voltage across the electrodes and the maximum current (dictated by the electrical
conductivity of TENG electrodes) that could be drawn from the device.[173] The electrical
potential difference in a TENG can be maximized by a judicious choice of electrode
materials in the triboelectric series[107] (materials ranking based on their charge affinity
measured in Coulomb/Joule). Recently, a "truly" wireless triboelectric nanogenerator
with output voltages up to 3 kV has been demonstrated for smart-home and security
applications.[89] However, the electrode materials must also be electrically conducting for
harnessing useful electrical power from a TENG. While electrical conductors that are
triboelectrically positive and ranked high in the triboelectric series do exist (e.g., Al),
electrical conductors that are triboelectrically negative are lacking.
One

of

the

highly

ranked

triboelectrically

negative

materials

is

polytetrafluorethylene or PTFE,[107] which has been widely used in TENGs for achieving
large potential differences. Although many unique features of PTFE such as its low
friction coefficient, low dielectric constant, good mechanical strength and excellent
plasticity are attractive for TENG applications,[174] PTFE-based TENGs are often limited
to single-electrode mode operation due to the electrically insulating nature of PTFE. The
high chemical and thermal stability of PTFE along with its low surface energy (~18
mN/m)[175] precludes facile fabrication of electrically conducting PTFE composites or the
deposition of metallic coatings on PTFE. Similar challenges exist for other
electronegative polymer materials such as polydimethylsiloxane (PDMS) and fluorinated
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ethylene propylene (FEP). These limiting factors of electronegative polymers (e.g.,
PTFE, PDMS, and FEP) seriously impede the realization of TENGs that can produce
both large potential differences and currents.
Here, we overcome these limitations using an emerging family of twodimensional layered transition metal carbides and/or nitrides, known as MXenes,
[62,176,177]

that have recently been demonstrated for many applications including energy

storage,[176] EMI shielding,[178] and gas sensors.[179] MXenes, a family of ~30 synthesized
material compositions and millions predicted theoretically,[180] offer a wide range of
electrical and mechanical properties that can be tuned by altering the composition and the
surface terminations.[62,176] The general formula for MXenes is Mn+1XnTx (n =1-3), where
M stands for a transition metal (e.g., Ti, Sc, Cr, Mo, Zr, Hf, Nb, Ta, etc.), X stands for
carbon or nitrogen, and Tx stands for surface terminations, such as =O, -OH, and –F. We
demonstrate that Ti3C2Tx MXene can be used as an ideal electrically conducting (~600010000 S/cm) [181,182] TENG electrode which has a highly electronegative surface due to –
F, as well as oxygen containing terminating functional groups. Specifically, we show that
Ti3C2Tx MXene is on par with PTFE in the triboelectric series, and thus provides a muchneeded solution to surmount the inherent conductivity limitations of electronegative
polymers (PTFE, PDMS, and FEP). MXene TENGs (2.5×5 cm2) generated potential
differences as high as ~650 V with a maximum peak power of ~0.65 mW. These devices
showed good flexibility and long lifetime (50,000 cycles) without a loss of performance
for bending angles as high as 30° during energy harvesting from routine typing and
texting.
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3.3.2 MXenes for flexible and wearable power sources
MXene Synthesis: The Ti3C2Tx material used in this study was synthesized by selective
etching of Al atomic layers from Ti3AlC2 by MILD etching method described previously.
[176,178,183]

In this procedure, 1 g of lithium fluoride (LiF) was added to 20 mL of 6M

hydrochloric acid (HCl). 1 g of Ti3AlC2, MAX phase, was slowly added to the LiF/HCl
mixture while stirring with a Teflon magnetic stir bar. The reaction was allowed to
proceed for 24 hours at 35 °C. After etching, the mixture was washed with deionized
water by centrifugation at 3500 rpm for 3 minutes and the acidic supernatant was
decanted. The washing process was repeated until a dark supernatant was obtained with a
pH ~6. The supernatant was decanted, deionized water was added to the sediment, and
the mixture was subjected to manual shaking for 5 minutes to delaminate the Ti3C2Tx
flakes. The solution was centrifuged for 1 hour at 3500 rpm and the supernatant was used
to make thin films (40 nm) of Ti3C2Tx for TENG.
Deposition of Ti3C2Tx: Ti3C2Tx was deposited on substrates using spray coating
method, similar to previous reports.[178,184,185] For deposition on glass substrates
(MXene/Glass), the substrate was cleaned and hydrophilized with Piranha solution (3:1
concentrated sulfuric acid/hydrogen peroxide (H2SO4/H2O2) volume ratio) by sonicating
the glass substrates in the solution for 1 hour (Branson Ultrasonic Cleaner, 40 kHz). After
the treatment, the glass substrates were washed with deionized water several times and
dried under N2 gas. For deposition on PET-ITO (MXene/PET-ITO), the substrates were
used as-received. The aqueous solution of delaminated Ti3C2Tx (2.5 mg/mL
concentration) was sprayed onto the glass or PET-ITO substrates by airbrush (0.5 mm
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nozzle, Master Airbrush, G-233, USA). An air dryer (Master Heat Gun, HG-201A, USA)
was used to dry the sample between spray coating cycles. After deposition, the substrates
were dried in a desiccator for 12 hours before transferring them to a dry glove box, where
they were stored until TENG devices were fabricated.
Device fabrication and characterization: We used commercially available ITO
coated PET (PET-ITO procured from Sigma-Aldrich, surface resistivity 60 Ω/sq) as the
top electrode (Fig. 3.3.1) while Ti3C2Tx coated on glass (MXene/Glass) and PET-ITO
(MXene/PET-ITO with Ti3C2Tx coated on PET side) served as the bottom electrode in
the MXene TENGs (2.5 x 5 cm2). Four pyrex insulating spacers (5 x 5 mm2), cut from a
microscope slide, were used to separate the electrodes with an airgap of 1 mm (see Figure
1b). Cu wires were attached to the ITO side of both electrodes for drawing electrical
current from the TENG. The electrical performance of MXene TENG was characterized
using a periodic vertical pushing force of ~15 N (2 Hz), applied by a home-built
motorized impactor.[90] All the electrical measurements were obtained using Yokogawa
DL 9710L digital oscilloscope.

3.3.3 Results and Discussion
As described in the experimental section, Ti3C2Tx MXene powders were
synthesized by selective etching of Al atomic layers from Ti3AlC2 using LiF-HCl
solution.

[176,178,183]

The Ti3C2Tx thin films were fabricated by spray coating an aqueous

suspension of Ti3C2Tx on glass (referred as MXene/Glass) and ITO coated polyethylene
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terephthalate (or MXene/PET-ITO). A detailed characterization of Ti3C2Tx MXene
powders and thin films can be found in previous publications.[176,177,184,186].

Figure 3.3.1: (a) Structure of Ti3C2Tx MXene. A MXene triboelectric nanogenerator
(MXene TENG) was assembled as shown in schematics (b-d). An aqueous solution of
Ti3C2Tx MXene coated on glass or PET-ITO films (b) was used as the bottom electrode
for MXene TENG while a PET-ITO film was used as the top electrode. The electrodes
were separated from each other using ~1 mm thick insulating glass spacers (c). (d) A
schematic of MXene TENG (with MXene/Glass as the bottom electrode) in its natural
state with a 1 mm air gap separating top and bottom electrodes. (e) A home-built
impactor with a ~1” diameter mandrel applied a ~15 N vertical force to MXene TENG at
~2 Hz frequency. Copper (Cu) wires were attached to both top and bottom electrodes for
electrical characterization.

MXene TENGs (2.5×5 cm2) were assembled by separating bottom MXene/Glass or
MXene/PET-ITO electrodes from the top PET-ITO electrode using ~1 mm thick
insulating glass pads serving as spacers (Figs. 3.3.1 b-d). Ti3C2Tx coatings on the bottom
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electrode and the PET side of the top electrode form the contacting surfaces in a
MXene/Glass:PET-ITO TENG (Fig. 3.3.1 d). To confirm the hypothesis that Ti3C2Tx
MXene is on par with PTFE in the triboelectric series, a similar TENG (2.5×5 cm2) was
fabricated with PTFE as the bottom electrode and PET-ITO as the top electrode (referred
to as PTFE: PET-ITO). The TENGs were tested by subjecting them to a vertical
compressive force of ~ 15 N at a frequency of 2 Hz using a custom-built impactor (see
Fig. 3.3.1e). As shown in Figs. 3.3.2 a and b, MXene/PET-ITO: PET-ITO and
PTFE:PET-ITO TENGs showed a similar response in single-electrode mode operation
with

open-circuit

voltages

(Voc)

oscillating

between

-180

and

500

V.

Figure 3.3.2: The single-electrode mode responses of TENGs. (a) MXene/Glass:PETITO TENG when subjected to a 15 N vertical force at 2 Hz yields a large open circuit
voltage (Voc) that oscillates between -180 and 500 V at the same frequency as the applied
force. (b) PTFE:PET-ITO TENG (with the same applied force as in (a)) yields a similar
Voc oscillating between -190 and 500 V. (c) MXene/Glass:PTFE TENG subjected to the
same loading regime as in (a) does not yield a Voc suggesting the lack of charge transfer
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between Ti3C2Tx MXene and PTFE due to their similar electronegativities. The
schematics of single-electrode mode for (a), (b) and (c) are shown in (d), (e) and (f).
The underlying mechanism for converting mechanical energy into potential difference in
single-electrode MXene/PET-ITO:PET-ITO TENG is similar to conventional PTFEbased TENGs[132,164] and may be described as follows. When the top PET-ITO electrode
comes into contact with the bottom MXene/Glass electrode, the surface functional groups
(particularly, –F)[66,187] present on MXene lead to a charge transfer between the two
electrodes ensuing in the observed Voc.

Fig. 3.3.3: The performance of a MXene/PET-ITO:Kapton TENG.
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The amount of charge transfer and Voc are dependent on the difference in the
electronegativities of the bottom (MXene/Glass) and top (PET-ITO) electrodes. Thus,
replacing one of the electrodes with another material of a different electronegativity (e.g.,
Kapton or polyimide instead of PET-ITO) changes the amount of charge transfer and Voc
(see Fig. 3.3.3). The similar Voc observed for MXene/Glass:PET-ITO and PTFE:PET-ITO
in single-electrode mode (cf. Figure 3.3.2a and b) imply that both Ti3C2Tx MXene and
PTFE are placed equally below PET/ITO on the triboelectric series. This assertion was
further confirmed by fabricating a MXene/Glass:PTFE TENG (Fig. 3.3.2 c), which
showed no output voltage due to similar electronegativities arising from -F groups in both
PTFE and MXene (see inset in Fig. 3.3.2 c). While PTFE:PET-ITO TENGs are limited to
single-electrode mode operation due to the insulating nature of PTFE, MXene-based
TENGs are advantageous as they can be operated in the two-electrode vertical contact
separation mode.
Initially, MXene TENG in the two-electrode vertical contact separation mode is in
a neutral state with no induced charges in the device. When the electrodes in MXene
TENG are brought into contact during the pressing cycle, the Ti3C2Tx coating readily
attracts triboelectrically generated electrons from PET due to electronegative surface
groups (Tx) such as =O and –F (similar to PTFE). Although the bottom MXene/Glass
electrode (/top PET-ITO electrode) is negatively (/positively) charged at the end of the
pressing cycle, no net potential difference develops across the MXene TENG when the
electrodes are in contact. Upon removing the applied force in the following releasing
cycle, the top PET-ITO electrode moves away from the bottom MXene/Glass electrode
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ensuing in charge redistribution and a potential difference between the two electrodes. At
the end of the releasing cycle, a significantly high Voc ~ 650 V was measured (Fig. 3.3.4 a
and b). The MXene TENG in this state is comparable to a capacitor with two oppositely
charged electrodes (viz., Ti3C2Tx and PET) separated by a distance x with Voc= σ x/ ε,
where σ is the surface charge density and ε is the dielectric constant between the two

Figure 3.3.4: (a) Upon subjecting a MXene/Glass:PET-ITO TENG to a 15 N vertical
force at 2 Hz, generated a large Voc that oscillated between -200 (press cycle) and 650
(release cycle) V at the same frequency as the applied force. (b) A magnified view of Voc
depicted in panel (a). (c) Flexible MXene/PET-ITO:PET-ITO TENG exhibited a similar
performance with Voc oscillating between -180 (press cycle) and 500 V (release cycle).
(d) A magnified view of Voc depicted in panel (c). In panels (b) and (d), the extra spike in
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Voc (highlighted in the dashed green boxes) occurs due to the microscopic bouncing of the
top PET-ITO electrode at the end of each pressing cycle.

electrodes. In the subsequent pressing cycle, x decreases as the electrodes are pushed
towards each other leading to a decrease in Voc. When the electrodes are again brought
into contact at the end of the pressing cycle, charge injection occurs due to the
triboelectric effect leading to a Voc ~ -200 V. Although both pressing and releasing cycles
result in a potential difference between the electrodes, they are not symmetric because
they involve different effects viz., contact-induced electrification and charge
redistribution, respectively. In the following cycles, Voc oscillates between -200 V
(pressing) and 650 V (releasing) with the same frequency (~2 Hz in this case) as the
applied force on MXene TENG . Based on the measured Voc ~ 650 V and Voc = σ x/ ε, a
maximum surface charge density σ ~ 6.1 μC m−2 is expected for each electrode.
In the experiments described thus far, Ti3C2Tx was coated on the bottom glass
electrode while the top counter electrode was made of flexible PET-ITO. To fabricate a
fully flexible TENG, the bottom glass substrate was replaced with a PET-ITO film and
coated Ti3C2Tx on the PET side (referred to as MXene/PET-ITO: PET-ITO). The flexible
TENG was also tested using a 15 N force at 2 Hz similar to the MXene/Glass:PET-ITO
TENG. The flexible TENG generated a slightly lower Voc ~ -180 V (pressing) and 500 V
(releasing) (Figures 3c and d), which is attributed to warping of the bottom MXene/PETITO electrode due to the absence of a rigid support. In addition to characterizing the
flexible TENG in the open circuit configuration with no electrical load, the output voltage
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and current under varying electrical load conditions were also measured (Fig. 3.3.5). The
Voc increased (red curve in Figs. 3.3.5 a and b) with increasing load resistance with a
concomitant decrease in current (blue curve), which is in accordance with Ohm’s law. A

Figure 3.3.5: (a, b) Output voltages and currents generated in the pressing cycle for both
rigid and flexible MXene TENGs as a function of electrical load resistance. In case of
MXene/Glass:PET-ITO (MXene/PET-ITO:PET-ITO) TENG, a maximum Voc of ~ 650 V
(500 V) and short circuit current of ~7.5 µA (6.3 µA) is produced. (c, d) Output power as
a function of varying load resistances for both MXene/Glass:PET-ITO and MXene/PETITO:PET-ITO TENGs. A maximum peak power of ~0.65 and 0.5 mW are generated for
MXene/Glass:PET-ITO and MXene/PET-ITO:PET-ITO, respectively. Although the
MXene/PET-ITO:PET-ITO TENG produced slightly less electrical power, it was
sufficient to light >60 LEDs, as shown in the inset (d).
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maximum peak power of ~0.65 and ~0.50 mW was obtained using MXene/Glass and
MXene/PET-ITO as the bottom electrodes, respectively (Figs. 3.3.5 c and d). To
demonstrate the suitability of MXene TENGs in practical applications such as powering
electronics that require a fixed voltage, a capacitor (1 μF) was charged by the rectified
output of the TENGs described in Fig. 3.3.6. Because each pressing-and-releasing cycle
produces only a small increment in the voltage of the capacitor, the capacitor
approximates a constant voltage load (similar to a battery of an electronic device).

Figure 3.3.6: The voltage (a) and power (b) outputs as a function of time for
MXene/Glass:PET-ITO and MXene/PET-ITO:PET-ITO TENGs (2.5×5 cm2) during the
charging of a 1 µF capacitor. Both TENGs were subjected to 15 N pressing force at 2 Hz.
A schematic of the capacitor charging circuit is shown in the inset in (a).

As shown in Fig. 3.3.6, the MXene/Glass:PET-ITO (/MXene/PET-ITO:PET-ITO) could
charge a 1 μF capacitor to a voltage of ~55 V (/40 V) within ~8 minutes when subjected
to a 15 N force at 2 Hz. Despite the relatively low output voltage and power of
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MXene/PET-ITO:PET-ITO TENG, it powered ~60 LEDs as shown in the inset in Fig.
3.3.5 d.

Figure 3.3.7. (a-c) The flexible MXene TENG was clamped at 30o and flexed with a
force of ~1 N applied at 2 Hz by the mandrel. (d) Flexing MXene TENGs produced a
potential difference between -40 and 65 V despite a significantly smaller force compared
to pressing force of ~15 N used in Figure 4. (e) A magnified view of the voltage profile
generated by the flexible MXene TENG.

To further test the performance of flexible MXene/PET-ITO:PET-ITO TENG, it was
clamped at one end at an angle of 30° relative to the horizontal (Figs. 3.3.7 a-c), and its
free end was subjected to a 1 N force at 2 Hz. As shown in Figs. 3.3.7d and e, robust
outputs of Voc ~ -40 (pressing) and 65 (releasing) V were obtained, which are smaller
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Figure 3.3.8: Panels (a) and (b) show the MXene/PET-ITO:PET-ITO TENG mounted on
a thumb for harvesting energy from simple human muscle movements. (c) Voc varying
between -40 and 70 V was generated by the MXene/PET-ITO:PET-ITO TENG mounted
on the thumb. (d) A magnified view of the voltage profile depicted in (c).
compared to Voc obtained in Fig. 3.3.4 since a much smaller force of ~1 N was sufficient
for flexing. A flexible MXene/PET-ITO:PET-ITO TENG was used to harvest waste
mechanical energy from simple human motions such as the motion of a thumb during
texting on a mobile phone (Fig. 3.3.8 and 3.3.9). Results showed a significant Voc,
ranging from -80 to +40 V, which is indeed remarkable considering the fact that other
TENGs yield an order of magnitude smaller Voc for similar simple muscle movements.
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Figure 3.3.9: A flexible MXene/PET-ITO:PET-ITO TENG mounted on the index finger
can harvest waste mechanical energy during typing (a), clicking a mouse (b), or texting
on a smart phone (c). Voc generated due to actions in (a-c) are shown in (d-f), which can
be as high as -80 V demonstrating the usefulness of flexible MXene/PET-ITO:PET-ITO
TENGs for powering wearable and flexible electronics.

3.3.4 Conclusions
In summary, this study demonstrates that in a single-electrode mode configuration
with PET-ITO top electrode, the Voc of metallic Ti3C2Tx MXene is on par with that of
PTFE. In addition, the absence of Voc in a MXene/Glass:PTFE TENG suggests that
Ti3C2Tx MXene and PTFE have similar electronegativities arising from -F groups in both
materials, and can be ranked closely in the triboelectric series. While PTFE-based
TENGs exhibit high Voc, they are limited to single-electrode mode configuration due to
the poor electrical conductivity of PTFE. In this regard, the metallic Ti3C2Tx MXene
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surmounts this limitation to enable two-electrode mode operation in MXene TENGs
without compromising the high Voc observed in PTFE-based TENGs. Using this new
triboelectric material, we demonstrated both rigid and flexible TENGs for harnessing
useful power in the two-electrode mode configuration. Furthermore, MXene TENGs are
flexible, yield significant power and can be integrated into accessories (e.g., wrist bands)
or textiles (e.g., elbow or knee patches) to harvest mechanical energy from human
activities (e.g., typing, walking) for powering wearable electronics.
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CHAPTER FOUR
CHARGE TRANSFER INTERACTIONS OF 2D-MATERIALS WITH
BIOMOLECULES
This chapter describes my work on investigation of biomolecular interactions of aromatic
amino acids with 2D-materials[61] which is published in the following article:
“Biomolecular Interactions and Biological Responses of Emerging Two-Dimensional
Materials and Aromatic Amino Acid Complexes,” S. S. K. Mallineni, J. Shannahan, A.
Raghavendra, A. M. Rao, J. M. Brown, R. Podila. ACS Appl. Mater. Interfaces, 2016, 8,
16604-16611.

4.1 Introduction
The advancement of nanotechnology over the past two decades accelerated many
innovations in healthcare, and the emerging field of nanomedicine is poised to have a
significant impact on human health.[188–192] Currently, there are more than thirty
nanomaterial products in routine clinical use and the U.S. Food and Drug Administration
has additionally approved at least nine different types of nanomaterial-based therapies for
medical imaging, drug delivery, anti-bacterial wound healing, and tissue repair.[189] In
addition to the existing nano-products based on zero- (0D) and one-dimensional (1D)
engineered nanomaterials (ENMs), many medical applications are envisaged for
emerging two-dimensional (2D) materials such as graphene, graphene oxide (GO), and
BN in multiple areas including cancer drug delivery, clot-resistant coatings for
biomedical implants, and biomedical imaging.[193–198] Particularly, graphene, GO, and BN
are being explored for drug delivery as they can adsorb higher drug concentrations and
enable better control over release kinetics.[199,200] Furthermore, 2D materials respond
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rapidly to external signals (e.g., light) making them suitable candidates for imaging
applications, photothermal, and photodynamic therapies.[199] Despite their potential in
biomedical applications, physiological interactions and the associated toxic responses of
2D materials in living systems remain poorly understood.
In the physiological environment, the high surface area of 2D materials, compared to
0D and 1D materials,[201] opens new possibilities for relatively stronger non-covalent
biological interactions through efficient p-p stacking and hydrogen bonding with
biomolecules. Drawing from the existing toxicity studies on 0D and 1D materials,[202–212] a
critical first step in understanding physiological responses of 2D materials is to study
how they interact with small biomolecules such as amino acids. The aromatic rings in
certain amino acids (e.g., tryptophan, tyrosine, and phenylalanine) could be expected to
interact strongly with 2D materials, and thereby adversely influence the transport and
uptake of essential amino acids critical for protein synthesis. It is known that deficiencies
in even a single essential amino acid (e.g., tryptophan) could alter immunity and increase
disease susceptibility.[213] Furthermore, it has been suggested that the adsorption
characteristics of a diverse set of small molecules such as amino acids could be used to
develop quantitative-structure activity relationships or QSARs for predicting interaction
of ENMs in general with larger biomolecules such as proteins and the so-called protein
corona.[214] Therefore, it is also important to understand the interactions between 2D
materials and amino acids in order to guide the emerging medical applications and aid in
the development of new toxicity and QSAR models for 2D materials.
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To this end, we used micro-Raman and photoluminescence (PL) spectroscopy
combined with electrochemical characterization to study the electronic interactions
between three aromatic amino acids (tryptophan, tyrosine, and phenylalanine) and three
different types of 2D materials (graphene, GO, and BN). As demonstrated in this study,
the interactions between biomolecules and 2D materials significantly perturb the
electronic structure, which could be elucidated through changes in Raman spectra of 2D
materials and quantified using cyclic voltammetry. The rationale in choosing this
particular set of 2D materials (viz., graphene, GO, and BN) is multi-fold: i) these widely
used 2D materials exhibit strong non-covalent interactions (p-p stacking and hydrogen
bonding) with aromatic molecules due to delocalized electrons or the presence of
functional groups, ii) although graphene and BN are structural analogues, they exhibit
differences in p -electron cloud distribution. The p -electron cloud is uniformly
delocalized in graphene while it is centered near N atoms in BN. Such differences
facilitate the investigation of different orientations in p-p stacking, and iii) while
graphene and BN are hydrophobic, GO is hydrophilic and has been proposed to exhibit
possible hydrogen bonding with biomolecules leading to interactions distinct from
graphene and BN.[215] Our results show that tyrosine and tryptophan strongly interact
with 2D materials unlike phenylalanine. More importantly, we found evidence for charge
transfer between aromatic acids and graphene & GO. Such charge transfer reactions[216]
are known to be important for predicting oxidative stress potential of ENMs.[217] Indeed,
our experiments show that the adsorption of amino acids on 2D materials significantly
alters their ability to generate reactive oxygen species (ROS) and the corresponding
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changes in ROS levels follow the adsorption trends observed in PL and electrochemical
measurements.

4.2 Engineered 2D-materials for biomolecular sensing
Experimental methods: Graphene was synthesized using chemical exfoliation technique.
Bulk graphite (∼1 g) was suspended in 100 mL of N-methyl-2-pyrrolidinone (NMP) and
sonicated using 1/8” tip sonicator (Branson 250) at 100 W for 2 h. After sonication, the
suspension was centrifuged at 3000 rpm for 30 mins, and the supernatant was filtered
through 0.45 µm nylon filter and re-suspended in 100 mL of fresh NMP. This fresh
solution was sonicated again for 6 h, and centrifuged at 1500 rpm for 1 hr. The
supernatant was then vacuum filtered using a 0.45 µm nylon filter. The filtered powder
was washed several times using deionized water to remove residual NMP and air-dried to
obtain exfoliated graphene samples. GO was synthesized using the standard Hummer’s
method described elsewhere.[218] BN powder was obtained from Graphene Supermarket
(SKU: BN-100G). It should be noted that our infrared spectroscopy studies showed that
GO contained several functional groups including hydroxyl, carboxyl, and epoxide
functionalities []. All pure amino acids were purchased from Sigma-Aldrich. For studying
the interactions with amino acids, 100 µg of ENMs (graphene, GO, and BN) were
incubated for 12 hrs in 1 mL solution of amino acids. After incubation, the samples were
centrifuged at 13,000 rpm and the supernatant was removed. The samples were washed
thrice to remove any amino acids not adsorbed on ENMs, and were finally suspended in
DI water. For transmission electron microscopy (TEM), the samples were suspended on a
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400-mesh Cu grid and the TEM images were acquired using Hitachi H-7600 microscope
(Figs. 4.1.1a-c). Micro-Raman spectroscopy was performed using 514.5 nm Ar+ ion
excitation coupled to a Renishaw micro-inVia spectrometer equipped with a 50x
objective and Peltier-cooled CCD. For Raman measurements, the samples were drop
casted on a microscope slide and were gently air-dried before collecting the Raman
spectrum. Photoluminescence measurements were obtained using a Horiba-Jobin Yvon
nanolog spectrometer equipped with a liquid-nitrogen cooled CCD. Cyclic voltammetry
measurements were performed on Gamry reference 3000 electrochemical system. We
used a three-electrode setup for all electrochemistry measurements. Graphene, GO, and
boron nitride samples were drop casted on a glassy carbon electrode (diameter: 3 mm)
and air dried for 12 hours. ENMs adsorbed on the glassy carbon were used as the
working electrode with a high purity Pt counter electrode. All cyclic voltammetry
measurements were performed with Ag/Ag+ reference electrode. A 0.05M phosphate
buffered saline (PBS) solution was used as an electrolyte. Stock solutions containing
tyrosine, tryptophan and phenylalanine with varying concentrations were prepared in
0.05M PBS solution.
For studying the reactive oxygen species (ROS) generation, macrophages were grown
to 90% confluence and exposed to 50 µg/ml of NPs for 1h. General oxidative stress was
assessed by dichlorofluorescin (DCF) via flow cytometry by counting 10,000 cells per a
sample (n=5). No stain control fluorescence was subtracted from all fluorescent readings.
Control sample (viz., pure graphene, GO, and BN) fluorescence was then averaged. This
average control sample fluorescence was then used to create a percent change (calculated
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as percent difference with respect to control) for all exposure groups of ENMs-amino
acid complexes.

4.3 Results and Discussion
As shown in Fig. 4.1.1d, graphene and GO exhibited disorder (D-band) and graphitic
(G-band) bands ~1350 cm-1 and 1581 cm-1 (~1598 cm-1 for GO) respectively. The
presence of defects in GO, induced during harsh chemical oxidation process in
Hummer’s method, resulted in a highly intense D-band and significant broadening of the
G-band relative to graphene. While graphene samples showed a two-peaked 2D-band
~2700-50 cm-1 (see Fig. 4.1.1d inset) suggesting it to be few-layered (~5-6 layers), the 2D
-band in GO was suppressed due to oxidation. BN sheets exhibited a strong peak ~1366
cm-1 in their Raman indicating excellent crystallinity similar to graphene.
Previously, many theoretical studies[215,219,220] investigated the interactions of aromatic
amino acids with carbon-based ENMs such as carbon nanotubes (CNTs), graphene, and
GO. These studies observed that the aromatic rings of amino acids prefer to stack on
CNTs and graphene sheets due to the presence of p-p interactions.[215,219] In contrast, it
was predicted that GO interacts with biomolecules (e.g., proteins, amino acids,
nucleobases) through hydrogen-bonding interactions.[215] To experimentally validate such
predictions, we characterized the amino acid adsorption on different ENMs using
isotherms obtained through photoluminescence (PL) studies. It is well known that
aromatic amino acids such as tryptophan, tyrosine, and phenylalanine exhibit strong PL
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when excited by ultra-violet light.[216] We did not study the interaction of histidine with
ENMs due to its extremely weak PL emission in UV-light.

Figure 4.1.1 Representative transmission electron microscope images for (a) graphene,
(b) graphene oxide, and (c) BN. (d) Raman spectra for as-prepared graphene (red),
graphene oxide (green) and boron nitride (blue). The D-band (~1350 cm-1) and the Gband (~1590 cm-1) for graphene oxide exhibit significant broadening due to the presence
of defects. Graphene (G-band ~1585 cm-1) and BN (~1366 cm-1) exhibit sharp Raman
features indicative of good crystallinity.
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Figure 4.1.2. Adsorption isotherms for (a) tyrosine, (b) tryptophan, and (c) phenylalanine
on graphene, BN, and graphene oxide. Graphene oxide showed significantly higher
adsorption for tyrosine and tryptophan, possibly due to the formation of hydrogen bonds,
compared to graphene and BN (which exhibit p-p interactions with amino acids).
However, phenylalanine showed similar adsorption on all 2D materials that was
relatively independent of concentration.
As discussed in the experimental section, we incubated ENMs with different
concentration of amino acids (within their physiological concentration range 0-70 µm/L)
and obtained the isotherms by measuring the PL arising from residual amino acids on
ENMs after three rounds of washing. Although it is possible to fit the observed isotherms
to Langmuir-like models, we did not derive any quantitative conclusions because many
assumptions for Langmuir isotherms are invalid in our case (e.g., the irreversibility of
adsorption).[221] Furthermore, the quenching of aromatic amino acid PL when interacting
with ENMs could lead to incorrect quantitative results. Nonetheless, PL data could be
used to glean useful qualitative information regarding the relative affinity among 2D
materials and the orientation and stacking of amino acids.
Tyrosine exhibited similar adsorption trends for graphene and BN unlike GO (Fig.
4.1.2a). As predicted from density functional theory,[215] such contrasting isotherms are
expected due to the formation of hydrogen bonds (H-bonds) in the case of GO.
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Interestingly, the adsorption curves for graphene and BN were similar although the pelectron cloud is uniformly delocalized in graphene while it is centered near N atoms in
BN. The delocalized p-electron cloud in graphene induces a quadrupole moment with a
partial negative (/positive) charge above and below (/in-plane) the sheet (see the lower
panels in Figs. 4.1.3a and b). Tyrosine also exhibits a similar quadrupole with negative
charges above and below the aromatic ring. Thus, it may be expected that tyrosine prefers
perpendicular edge-to-face interactions or off-centered parallel stacking in lieu of facecentered parallel stacking (Figs. 4.1.3a and b). On the other hand, in case of BN, the
scenario is different because N is a relatively strong electron-withdrawing group that
polarizes the p-electron density away from the core, and thereby reverses the direction of
the overall quadrupole moment (compared to graphene) by inducing a central area of
relative electron deficiency and localization of p-electrons around N atoms (lower panel
in Fig. 4.1.3c). Accordingly, tyrosine may prefer face-centered stacking on BN surface
(Fig. 4.1.3c). The edge-to-face orientation in graphene-tyrosine complex (Fig. 4.1.3a)
involves less active area of interaction, and thus should allow more tyrosine molecules to
stack on graphene as opposed to off-centered stacking. Nonetheless, the adsorption
isotherms for graphene and BN (which favors only face-centered stacking for tyrosine)
are similar suggesting that the edge-to-face interactions in graphene could be possibly
ruled out. In case of GO, as observed in theoretical calculations,[215] the hydroxyl group of
phenolic ring in tyrosine
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Figure 4.1.3. (a) A graphene sheet containing p-electrons can be viewed as a quadrupole
(as depicted by green lobes in the lower panel) with a negative charge above and below
the sheet and a positive charge around the edges. Similarly, the aromatic ring (shown in
red) in tyrosine, tryptophan, and phenylalanine could be viewed as quadrupoles with
charge distribution similar to graphene. Amino acids (e.g., tyrosine shown above
graphene sheet) exhibit either edge-to-face or off-centered (b) stacking due to
quadrupole-mediated p-pinteractions. (c) BN exhibits positive charge (shown in purple)
above and below the sheet due to the presence of N atoms that pull the electrons away
from the center. Accordingly, the amino acids may prefer face-centered stacking unlike
graphene.

may form H-bonds with the hydroxyl groups on GO leading to higher adsorption.
Returning to Fig. 4.1.2a, we found that the adsorption on GO saturated abruptly beyond
15 µM/L for tyrosine possibly due to the saturation of limited hydroxyl groups on the
surface of GO. Furthermore, the formation of H-bonds, which necessitates a close
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proximity between both hydroxyl groups (one from GO and another from tyrosine), may
also prevent multilayer adsorption in GO.
Interestingly, tryptophan exhibited an increasing trend for adsorption on GO unlike
tyrosine (Fig. 4.1.2b). Similar to tyrosine adsorption (Fig. 4.1.2a), we observed an initial
increase in below 15 µM/L followed by a slight decrease in the PL intensity between 1530 µM/L, which is within the expected error range of PL measurements. Nevertheless,
overall there is an increasing trend for adsorption of tryptophan on GO. The hydroxyl
groups of GO are predicted to form H-bonds with indole ring hydrogen in tryptophan.[215]
In addition to the H-bonds, tryptophan may exhibit relatively stronger p- p interactions
with GO due to the presence of extended p-cloud in the indole ring. The adsorption of
tryptophan on graphene and BN was similar to GO in terms of the increasing trend and
could be entirely attributed to p- p stacking arising from interactions of quadrupoles
induced by p-electron cloud (off-centered stacking for graphene and face-centered for
BN similar to the case of tyrosine).
There was no significant difference in the adsorption of phenylalanine on graphene,
BN, and GO. This result is not surprising because the structures of tyrosine and
phenylalanine differ only by the presence of an extra hydroxyl group. The lack of
hydroxyl group in phenylalanine (unlike tyrosine) precludes the possibility of H-bonds
and thereby results in lower affinity for GO. The qualitative conclusions, based on PL
data, were further confirmed using cyclic voltammetry studies discussed in Fig. 4.1.4.
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Figure 4.1.4. a) Cyclic voltammetry loops for graphene and tryptophan show the
appearance of a new peak ~0.6-0.8 V indicating irreversible charge transfer. (b-d) Charge
density isotherms derived from their corresponding CV loops for different 2D materials
and amino acid combinations.

While the PL studies provide insights into physical adsorption and affinity through p- p
interactions, the nature of chemical bonding can be understood through perturbations in
electronic structure. We used cyclic voltammetry and micro-Raman spectroscopy to
understand the influence of amino acid adsorption on electronic structure of ENMs. We
performed cyclic voltammetry (CV) measurements with ENMs as a working electrode in
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amino acid electrolyte solution. In CV characterization, the application of gate voltage on
the working electrode (i.e., ENMs in our case) modulates its electronic energy levels,
which when in the vicinity of energy levels of the amino acids (present in the electrolyte)
can result in a charge transfer. For quantifying the electrochemical charge transfer, we
first obtained a base CV curve with 0.05 M PBS electrolyte solution containing no amino
acids (see Fig. 4.1.4a). Subsequently, amino acids aliquots of varying concentrations
were introduced into the electrochemical cell and scan rate normalized CV loops were
obtained for each concentration. The total amount of charge-transferred was obtained by
integrating the area enclosed by the CV curves and subtracting the base area (from the
CV curve in 0.05M PBS electrolyte solution). As shown in Figs 4.1.4 (b-d), we found
that the charge-transfer isotherms for all ENMs and amino acid combinations showed
clear trends as a function of concentration.
In a typical CV plot, a peak in current (in a current vs. voltage plot such as the one
shown in Fig. 4.1.4a) or changes in the CV loop area indicate the presence of charge
transfer between the electrolyte (i.e., amino acid in PBS solution in our case) and the
working electrode (i.e., ENMs). The changes in CV loop area could occur due to two
reasons: i) chemisorption or binding of amino acids with ENMs results in an irreversible
reaction, which appears as a peak in the CV loop (e.g., graphene/tryptophan in Fig.
4.1.4a) and thereby changes the enclosed area and ii) physisorption, which decreases the
available surface area of ENMs for ion adsorption leading to decrease on the total loop
area The charge density isotherms (Figs. 4.1.4b-d), obtained from the CV curves, show
the combined effects of both physi- and chemisorption. We observed that GO exhibited
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the largest changes in charge density suggesting the strong interaction between GO and
amino acids as observed in PL (cf. Fig. 4.1.2) and previous theoretical results.[215] The
charge density changes in graphene and BN were significant (see insets in Figs. 4.1.4 bd) but much smaller compared to GO. It should be noted that the base CV loops for GO
in pure PBS solution enclose a much larger area (~ 1.75 C/m2) compared to graphene and
BN (~50-300 mC/m2) due to the presence of quinone, carboxyl, and epoxide functional
groups. The net reduction of CV loop area for GO in the presence of amino acids is a
combined effect of physi- and chemisorption. However, CV measurements alone cannot
distinguish the difference between physical and chemical interactions. On the other hand,
micro-Raman spectrum of carbon-based ENMs is highly sensitive to charge transfer and
may be used to resolve the difference between chemical and physical interactions.
Carbon-based ENMs exhibit strong Raman features such as the G-and 2D-bands (cf. Fig.
4.1.1d), which are known to upshift (downshift) when any acceptor (donor) species
interacts via hole (electron) transfer.[216] As documented in the literature,[38] the peak
frequencies and shape of G- and 2D-band depend on the Fermi energy (EF) of carbonbased ENMs. In a simplistic picture, an upshift (downshift) in EF (or equivalently Fermi
velocity) results in a downshift (upshift) in G- and 2D-bands. Previously, Rajesh et al.
[219]

theoretically showed that the EF of graphene and CNTs undergoes an overall shift (as

large as 0.21 eV) upon interaction with amino acids due to charge transfer. Indeed, their
study found that the degree of shift in EF of ENM-amino acid complexes varied as a
function of the polarizability of the
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Figure 4.1.5. Raman spectra of graphene oxide-amino acid complexes showed
significant shifts due to the formation of hydrogen bonds with amino acids. The sharp
peaks in GO-tyrosine spectrum arise from tyrosine due to its high Raman cross-section.

aromatic moiety of the adsorbed amino acid molecules. In our studies, GO displayed a
downshift in the G-band frequency (Fig. 4.1.5a) for tryptophan and phenylalanine. It
should be noted that the 2D-band is absent in GO due to the disruption of the so-called
double-resonance Raman process upon the oxidation of graphene lattice.[222] The shifts in
G-band are expected due to the formation of chemical bonds, as ascertained in the
reduction in charge density from CV measurements. The magnitude of the shifts in Gband of GO was highest for phenylalanine concurring with the CV data (Figs. 4.1.4d).
Interestingly, tyrosine (unlike phenylalanine and tryptophan) was found to upshift the Gband in GO although a distinct reduction in the charge density was observed in CV
measurements (Fig. 4.1.4b). Such an observation suggests that the physisorption of
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tyrosine, which may preclude the participation of functional groups on GO in
electrochemical charge storage, overwhelmed the chemisorption leading to the reduction
in charge density in CV measurements.

Figure 4.1.6. Raman spectra for graphene-amino acids complexes show shifts in G- and
2D-bands (in (a) and (b) respectively) indicating the involvement of charge transfer
between amino acids and graphene. Solid lines in indicate fits to the experimental data.
The red curves in panel (b) are deconvoluted peaks for 2D-band in graphene.

In case of graphene, a significant downshift was observed in both G- and 2D-bands when
interacting with tyrosine (Fig. 4.1.6a and b). As explained earlier, this downshift in Gand 2D-bands of graphene-tyrosine complex could be understood in terms of upshift in
EF induced by electron-transfer from tyrosine.[219] Although a discernible shift was
observed for graphene-tyrosine complex, the widths of G- and 2D-band did not change
significantly. The presence of chemical interactions between graphene and tyrosine
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(through electron transfer) suggests that the adsorption may predominantly be mono- or
bi-layered because only the molecules within the vicinity of graphene (~0.4-1 nm) can
exhibit charge transfer and bind strongly. Based on the Raman measurements, it is
plausible that the minute changes in charge density (Fig. 4.1.4b) resulted solely from
chemisorption. On the other hand, tryptophan and phenylalanine (Fig. 4.1.6) resulted in a
significant broadening of G- and 2D- bands despite little or no shift (i.e., no charge
transfer) in the frequency. It is likely that tryptophan and phenylalanine exhibit multilayer
physisorption unlike monolayer chemisorption in the case of tyrosine. In such a scenario,
the multilayers of amino acids could contribute prominently to the non-radiative decay of
excited electrons, which could in turn result in the observed broadening of G- and 2Dbands. Interestingly, tryptophan exhibited an increase in the charge density due to the
presence of a new peak in the CV loop (cf. Fig. 4.1.4a and inset in Fig. 4.1.4c) suggesting
that both chemisorption and physisorption are involved. In case of BN, we did not
observe appreciable changes either in CV measurements or Raman spectra suggesting the
absence of chemisorption. Such a result is expected due to the localization of p-electrons
around N in BN unlike uniformly distributed p-electron cloud in graphene or chemically
active functional groups in GO.
Lastly, we assessed the ability of 2D materials and their amino acid complexes to
generate intracellular ROS by macrophages after 1 hr exposure using DCF fluorescence
assay (Fig. 4.1.7). We observed that the adsorption of amino acids on 2D materials
causes significant changes in their ability to generate intracellular ROS. It is well known
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that the presenceπ bonds in nanocarbons can promote electron-transfer reactions (which
is also

Figure 4.1.7. Percent change observed in reactive oxygen species generated by
macrophages exposed to 2D material-amino acid complexes. Macrophages were exposed
for 1 hr to 50 µg/ml of 2D materials without or with amino acid complexes. Following
exposure cells were assessed by dichlorofluorescin or DCF via flow cytometry for
alterations in reactive oxygen species generation. Pure 2D materials with no amino acids
are used as controls to generate percent changes in reactive oxygen species generation.

evident in our electrochemistry results described in Fig. 4.1.4) in biomolecules and can
generate ROS by acting as redox mediators.[223] The DCF fluorescence intensity showed
only slight changes in ROS levels for graphene and its associated amino acid complexes.
Such a behavior is expected because the adsorption of aromatic amino acids on graphene
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does not considerably alter its chemical nature in terms of screening the π electron cloud.
However, in case of GO, the presence of amino acids is expected to reduce its
hydrophilicity and increase delocalized πelectron cloud. The observed trends in ROS
levels for GO concur with our PL results, which suggest that the highest adsorption on
GO occurs for tyrosine followed by tryptophan and phenylalanine. Interestingly, the
adsorption of amino acids decreases the ROS levels in GO, which could be explained
based on our electrochemical measurements. CV measurements. As shown in Fig. 4.1.4,
we observed a clear decrease in the charge density of GO for all three amino acids
suggesting that their presence may preclude the participation of some functional groups
on GO in electrochemical reactions and thus reduce its ability to generate ROS. Lastly,
we observed a significant increase in the ROS levels in case of BN upon amino acid
adsorption. The observed trend also correlated with the increase charge density for BNamino acid complexes (tyrosine <tryptophan ≈ phenyalanine).

4.4 Conclusions
We have systematically carried out photoluminescence (PL), cyclic voltammetry (CV),
and Raman measurements to elucidate the nature of interactions of aromatic amino acids
with two-dimensional materials including graphene, BN, and graphene oxide (GO). PL
and CV studies revealed that GO interacts strongly with tyrosine and tryptophan via Hbonding compared to graphene, which exhibited p-p interactions. We also found
significant charge transfer between graphene and GO complexes with aromatic amino
acids, as verified from CV measurements and Raman spectra. BN, on the other hand, did
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not show considerable chemical interactions with aromatic amino acids due to localized
p-electron clouds. The adsorption of amino acids was found to alter the potential of twodimensional materials to generate reactive oxygen species (ROS). We did not find
significant changes in the ROS levels for graphene while GO and BN showed significant
differences, which could be explained based on PL and CV measurements. In summary,
the presence of functional groups and p-p interactions play a significant role in the
adsorption of amino acids on 2D materials.
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APPENDIX
Glossary of acronyms used in the dissertation

1. 2D: Two-dimensional
2. BN: Boron nitride
3. CVD: Chemical vapor deposition
4. CV: Cyclic voltammetry
5. DFT: Density functional theory
6. GO: Graphene oxide
7. gPLA: Graphene-polylactic acid
8. Isc: Short circuit current
9. N-Gr: Nitrogen doped graphene
10. OSEE: optically stimulated electron emission
11. PL: Photoluminescence spectroscopy
12. SEM: Scanning Electron Microscopy
13. SiO2/Si: Silicon dioxide on silicon
14. TEM: Transmission Electron Microscopy
15. TENG: Triboelectric nanogenerator
16. Voc: Open-circuit voltage
17. WSPC: Wireless signal processing circuit
18. XPS: x-ray photoelectron spectroscopy
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